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Evaporation (see Liquids ) 

Excitation of Atoms (see Atomic Structure and Spectra) 

Excitation of Nucleus (see Nuclear Reactions; Nuclear 
Spectra; Nuclear Structure ) 

Faraday Effect (see Optical Properties) 

Ferroelectric Phenomena (see Dielectrics and Dielec- 
tric Properties ) 

Field Emission (see Electrical Properties ) 

Field Theory (see also Quantum Electrodynamics ) 

Concerning a Certain Generalization of a Renormali- 


zation Group, A. A. Logunov — 766 L. 

Concerning Raiski’s Bilocal Field Theory, V. A. 
Zhirnov — 452 L. 

Concerning the Orientation of the Antenna of an Jono- 
sphere Station, Z. Ts. Rapoport — 296 L. 

Concerning the Radiative Correction to the 4-Meson 
Magnetic Moment, V. B. Berestetskii, O. N. 

Krokhin and A. K. Khlebnikov — 761 L. 

Contribution to the Theory of Production and Anni- 
hilation of Antiprotons, L. M. Arfikian — 503. 

Gamma Radiation Accompanying the Absorption of 
Fast Protons by Nuclei, A. I. Akhiezer and I. la. 
Pomeranchuk — 127 L. 

Generalized Method for Calculating Damping in Rela- 
tivistic Quantum Field Theory, V. I. Grigoriev — 
691. 

Meson Field Theory. III. Conservation of Physical 
Quantities, A. A. Borgardt — 312. 

Multiple Meson Creation in Particle Collisions, L. G. 
Iakovlev — 128 L. 

Nonlinear Equations in Quantum Field Theory, V. Ia. 
Fainberg — 644 L. 

Nucleomesodynamics in Strong Coupling. I. Approxi- 
mate Method. Spin-Charge Motion, S. I. Pekar — 205. 

Nucleomesodynamics in Strong Coupling. II. The 
Ground and Isobar States, Nucleon Charge and Spin, 
V. N. Baier and S. 1. Pekar — 340. 

Nucleomesodynamics in Strong Coupling. III. Trans- 
lational Motion, Meson-Field Mass and the Moment 
of the Nucleon, I. M. Dykman and S., I. Pekar — 882. 

On Mass Renormalization in the Tamm-Dancoff 
Method, D. A. Kirzhnits — 809 L. 

On the Interaction between Nucleon and Antinucleon, 
lu. A. Tarasov — 636 L. 

On the Mass of the Photon in Quantum Electrodynamics, 
D. A. Kirzhnits — 768 L. 

On the S-Matrix for Particles with Arbitrary Spin, V. I. 
Karpman — 934, 

On the Scattering of Photons by Nucleons, R. N. 
Gurzhi — 941. 

On the Singularity of the Electromagnetic Potential 
in the Higher Approximations of Perturbation Theory, 
Iu. M. Lomsadze — 554. 

Possible States of a Two-Graviton System, V. A. 
Zhirnov and Iu. M. Shirokov — 840. 

Regularized Theory of Field System, E. V. Lipmanoy — 

138 L. 

Relativistic Spherical Functions, A. Z. Dolginov — 
589. 

Relativistically Invariant Formulation of Electrody- 


namics without Longitudinal and Scalar Fields, E. M. 
Lipmanov — 630 L. 


Remarks on One Variant of the Equations of a Non- 
local Field, R. A. Asanov — 641.L. 


Renormalization in the Equations of the New Tamm- 


: 
: 
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Dancoff Method, V. I. Ritus — 805 L. 

Renormalizability of Pseudoscalar Meson Theory with 
Pseudovector Coupling , E. N. Avrorin and FE. S, 
Fradkin — 862. 

Scattering of High Energy Electrons and Positrons by 
Electrons, A. A. Abrikosov — 379, 

The Compton Effect at High Energies, A. A. Abriko- 
sov — 474, 

The Infrared Catastrophe in Quantum Electrodynamics, 
A. A. Abrikosov — 71. 

The Multiplicative Renormalization Group in the 
Quantum Theory of Fields, N. N. Bogliubov and D. V. 
Shirkov — 57. 

The Scattering of Photons by Nucleons and Nuclear 

Isobars, V. I. Ritus — 926. 

The Theory of the Electron Field Mass in the Presence 
of an External Medium, A. A. Sokolov and V. N, 
Tsytovich — 94, 

Theory of Elliptic Polarization of Light Reflectec 


Isobars, V. I. Ritus — 926. 

The Theory of the Electron Field Mass in the Presence 
of an External Medium, A. A. Sokolov and V. N. 
Tsytovich — 94, 

Theory of Elliptic Polarization of Light Reflected 
from Isotropic Media, D. V. Sivukhin — 269. 

Films, Properties 

Effect of an Adsorbed Film on Dipole Molecules on 
the Electron Work Function, N. D. Morgulis and V. M. 
Gavriliuk — 159, 

Effect of the Rate of Flow of He II Film on Its Thick- 
ness, V. M. Kontorovich — 770 L. 

Glow of Aluminum Alloys in an Electrolytic Bath, V. 


A. Krasnokutskii, — 120 L. 
Radiographic Study of X-ray Photoelectric Emission, 
S. Karal’nik, N. Nakhodkin and L. Melesko — 753 L. 
Reflection of Slow Flectrons from the Surface of Pure 
Tungsten and from Tungsten.Covered by Thin 
Films, N. D. Morgulis and D. A. Gorodetskii — 535. 
The Change of the Absorption Spectrum of Copper 
Chloride Containing an Excess of Copper under the 
Action of Water Vapor, P. N. Kokhanenko — 29. 
Theory of Elliptic Polarization of Light Reflected 
from Isotropic Media, D. V. Sivukhin — 269. 
Vertex Parts for Very High Energies in Quantum 
Electrodynamics, V. V. Sudakov — 65. 
Fine Structure (see Atomic Structure and Spectra ) 
Fission of Nucleus (see Nuclear Fission ) 
Fluctuation Phenomena (see Noise ) 
Fluid Dynamics 
Concerning the Blatt, Butler and Shafroth Paper on 
Superfluidity and Superconductivity Theory, V. iL. 
Ginzburg — 952 L. 
Effect of the Rate of Flow of a He II Film on Its 
Thickness, V. M. Kontorovich — 770 ibe 


Some Hydrodynamical Phenomena Accompanying the 


Passage of a Current through Insulating Liquids, 
G. A. Ostroumov — 259, 


Fluorescence ( see Luminescence ) 


Galvanomagnetic Effect (see Magnetic Properties ) 
Gamma-Rays 


Beta-Spectrometer Investigation of Conversion Elec- 
trons with Aid of Nuclear Emulsions, I. A. Anton- 
ova — 461 L. 

Gamma Radiation Accoimpanying the Absorption of 
Fast Protons by Nuclei, A. I, Akhiezer and I, Ia. 
Pomeranchuk — 127 L. 

Gamma Resonances in Reactions of Proton Capture by 


Silicon Isotopes, S, P. Tsytko and Iu. P. Antuf’ev — 
993 L. 


Isomer States of Deformed Nuclei, L. K. Peker — 
645 L. 

Production of Nuclear Stars by y- Quanta, Iu. A. 
Vdovin — 948 L. 

Scattering of 250 MEV Photons by Free Electrons, 
L. V. Kurnosova, L. A. Razorionov and P. A. 
Cherenkov — 546. 

The Absolute Luminescence Yield for Gamma Scin- 
tillations in a Napthalene Crystal with Anthracene, 
M. D. Galanin and A. P. Grishin — 32. 

The Effect of Noncentral Forces on Bremsstrahlung 
in Neutron-Proton Collisions, B. L. Timan — 711. 

The Electron Spectrum of U237, S, A. Baranov and 
K. N. Shliagin — 200. 

The Polarization Direction Correlation of Successive 
Gamma-Ray Quanta from co®° and Nace: eeVie 
Estulin, V. S. Popov and F, E. Chukreev — 866. 

Yields of Photoneutrons from Intermediate and Heavy 
Nuclei, B. I. Gavrilov and L. E. Lazareva — 871. 


Gases 


A Contribution to the General Theory of Statistical 
Equilibrium of a System of Interacting Particles, 
A. E, Glauberman — 830. 

On the Effect of Radio Waves on the Properties of 


Plasma (Ionosphere), A. V. Gurevich — 895. 

Probe Studies of Rarefied Flames, V. I. Tverdokhle- 
bov — 252. 

The Leading Role of the Vibration Properties of 
Plasma and the Effect of the Gas Atoms on these 
Properties, I, P. Bazarov — 453 L. 

The Question of the Formation of a Cellular Structure 
in a Layer of Fog or Smoke, V. K. Liapidevskii — 
287 L. 

The Solution of Inhomogeneous One-Dimensional 
Motion Problems in Magnetic Gasodynamics, S. A. 
Kaplan and K. P. Staniukovich — 275. 

Transformation of Positive Helivin Ions Colliding with 
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Instruments (see Methods and Instruments ) 


Geophysics 
Concerning the Orientation of the Antenna of an Iono- Internal Conversion (see Nuclear Spectra ) 
sphere Station, Z. Ts. Rapoport — 296 Iie Ionization (see also Electrical Discharges; Range and 
Possibility of Using Artificial Earth Satellites for Energy Loss of Particles ) 
the Experimental Verification of the Theory of Concerning the Orientation of the Antenna of an 
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The Question of the Formation of a Cellular Structure Deformation of Arc Column in Rarefied Gases at 
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287 L. skii — 437. 
Gravitation, (see Relativity and Gravitation ) Effect of an Adsorbed Film of Dipole Molecules on 
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Hall Effect (see Electrical Conductivity and Resis- VoOMGaveiliik 
tance; Semiconductors ) Energy Spectrum of High Energy Ionizing Particles 
Helium, Liquid Passing through a Thick Layer of Matter, Iu. F. 
Concerning the Blatt, Butler and Shafroth Paper on Orlov — 647 L. 
Superfluidity and Superconductivity Theory, V. L. Formation of Negative Hydrogen Ions by Collision of 
Ginzburg — 952 L. Protons with Gas Molecules, Ia. M. Fogel’ and R. V. 
Effect of the Rate of Flow of a He II Film on Its Mitkin — 334, 
Thickness, V. M. Kontorovich — 770 L. Investigation at Low Gas Pressures of an Intermedi- 
Electrical Properties of Germanium at Very Low ate Frequency Discharge Occurring between High 
Temperatures, E. I, Abaulina-Zavaritskaia — 984 L. Frequency and Low Audio Frequency Discharges, 
Experiments in Enrichment of Helium with Isotope He , N. A. Popov and N. A. Kaptsov — 147. 
V. P. Peshkov — 706. On the Effect of Radio Waves on the Properties of 
Phase Diagram for the Liquid-Vapor System of Helium Plasma (Ionosphere), A. V. Gurevich — 895. 


Isotopes (He? — He’). I, B. N. Eselson and N. G. 
Berezniak — 568. 
The Propagation of Sound in Moving Helium II and 


On the Paper by N. I. Steinbok ‘‘Basic Character- 
istics of Ionization Chambers’”’, K. K. Aglintsev — 


458 L. 
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ne a eg See Mire pee Probe Studies of Rarefied Flames, V. I. Tverdokhle- 
tion of Second Sound, I. M. Khalatnikov — 649 L. howe059 


Se eee ae aes Ee, Landau 2720: Some Electrical Properties of Water and Ice, V. I. 
Transformation of the A- Transition in Helium to a 


Special Transition of the First Kind in the Presence grabadzhi a: ; : : 

Biiiiccuiiow. Vb: Peshkov — 426 L. The Leading Role of the Vibration Properties of 
Plasma and the Effect of the Gas Atoms on these 
Properties, I. P. Bazarov — 453 L. 

Ionization Potentials of Atoms (see Atomic Structure 


High-Voltage Tubes and Machines (see Methods and 
Instruments ) 
Hyperfine Structure (see Atomic Structure and Spectra; 


Nuclear Moments and Spin ) and Spa e) 


Ions (see also Electrical Discharges ) 
Disintegration of Positive Ions Colliding with Mole- 
cules, S. E. Kuprianov, M. V. Tkhomirov and V. K. 
Potapov — 459 L, 


Hyperson (see Mesons and Hyperons) 
Imperfections in Solids 
Investigation of NaCo-AgCl Trapping Centers by a 
Method of Thermo-Optical Bleaching, Ch. B. Lush- 


eEhiee EON Zaitov Kh. A. Miavt and Ke lus FP ben = Effect of an Adsorbed Film of Dipole Molecules on 

292 L. the Electronic Work Function, N. D. Morgulis and 
Photoconductivity and Luminescence of Polycrystal- Ms os Gavrilink Pe: We 

line GAS(@U)UN.UA) Tolstel Te Kelomets, Oct Formation of Negative Hydrogen Ions by Collision of 

@olikova and M. la. Taenter,— 4651. Protons with Gas Molecules, la. M. Fogel’ and 
The Conductivity of Silver Bromide in the Presence of Be Ve MiNi 34s 

Beaune maneNe Sa ammovekiie tA’ Darina deal: On the Effect of Radio Waves on the Properties of 

(cera ae Plasma (Ionosphere), A. V. Gurevich — 895. 
Meweree Part Cengthiol a Nonlocalized Feciton Ga a Point Charge Interaction Energy in lonic Crystals, T. I. 

Polar Crystal, A. I. Anselm and Iu. A. Firsov — Lieberberg-Kucher — 580. 

564. Probe Studies of Rarefied Flames, V, I. Tverdokhle- 
The Investigation of Trapping Centers in Crystals ho 252. ; 

by the Method of Thermal Bleaching, Ch. B. Lush- The Investigation of Cathode Sputtering in the Near 

chik — 390. Threshold Region. I, N. D. Morgulis and V. D, 


Inelastic Scattering (see Nuclear Reactions; Scattering) Tishchenko — 52. 


ANALYTIC SUBJECT INDEX 


Transformation of Positive Helium Ions Colliding with 
Inert Gas Atoms into Negative Ions, V. M. Dukel’- 
skii, V. V. Afrosimov and N. V. Fedorenko — 764 L. 

Ions and Electrons, Mobility 

Contact Phenomena in a Plasma, L. A. Sena aad N. 8. 
Taube — 168. 

Investigation at Low Gas Pressure of an Intermediate 
Frequency Discharge Occurring between High Fre- 
quency and Low Audio Frequency Discharges, N. A. 
Popov and N. A. Kaptsov — 147, 

Probe Studies of Rarefied Flames, V. I. Tverdokhle- 
bov — 252. 

The Conductivity of Silver Bromide in the Presence of 
Bromine, L. M. Shamovskii, A. A. Dunina and M. I. 
Gosteva — 511. 

Isobars (see Atomic Mass and Abundance ) 

Isomers, Nuclear (see Nuclear Spectra) 

Isotopes (see Atomic Mass and Abundance; Radio- 
activity ) 

Kerr Effect (see Optical Properties ) 

Liquid Helium (see Helium, Liquid) 

Liquids 

Density of Linear Boiling of a Superheated Liquid 
along the Track of an Ionizing Particle, G. A. 
Askar’ian — 640 L. 

Dynamical Birefringence of Polymethylmethacrylate 
Solutions with Various Solvents and the Form of the 
Macromolecules, N. N. Tsvetkov, E. V. Frisman 
and L. S. Mukhina — 492. 

Influence of Intermolecular Forces in Solutions on 
the Intensity of Raman Lines, Ia. S. Bobovich and 
T. P. Tulub — 116 L. 

Phase Diagram for the Liquid-Vapor System of Helium 
Isotopes (He? — He*). I, B. N. Eselson and N. G. 
Berezniak — 568. 

Scattering of Electrons in a Liquid Due to Violation 
of Long Range Order, A. I. Gubanov — 854. 

Some Hydrodynamical Phenomena Accompanying the 
Passage of a Current through Insulating Liquids, 

G. A. Ostroumov — 259. 
The Theory of a Fermi-liquid, L. D. Landau — 920. 
Luminescence 

A Theoretical Property of Relaxation Curves in 
Luminescence and Photoconductivity, N. A. Tolstoi 
and A. V. Shatilov — 81. 

Deformation of Arc Column in Rarefied Gases at High 
Currents, G. G. Timofeeva and V. L. Granovskii — 
437. 

Gamma and Photoluminescence Yields in Organic 
Crystals, Z. A. Chizikova and M. D.Galinin — 115L. 

Glow of Aluminum Alloys in an Electrolytic Bath, 

V. A. Krasnokutskii — 120 L. 

Investigation of NaCo — AgC] Trapping Centers by a 
Method of Thermo-Optical Bleaching, Ch. B. Lush- 
chik, F, N. Zaitov, Kh. A. Miagi and K. Iu, El’ken — 
292 L. 
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Photoconductivity and Luminescence of Polycrystal- 
line CdS(Cu),N. A. Tolstoi, B. T. Kolomets, O. I. 
Golikova and M. Ia. Tsenter — 465 L. 

The Absolute Luminescence Yield for Gamma Scin- 
tillations in a Napthalene Crystal with Anthracene, 
M. D. Galanin and A, P. Grishin — 32. 

The Effect of Absorption of Luminescence on Its 
Intensity in the Powdered Luminophors, A. P. 
Ivanov — 121 L. 

The Investigation of Trapping Centersin Crystals by 
the Method of Thermal Bleaching, Ch. B. Lushchik — 
390. 

The Possibility of a Two Step Excitation Mechanism 
in Sulfide Phosphors, N. A. Tolstoi — 190. 

Magnetic Fields (see Electromagnetic Theory and 

Electrodynamics ) 

Magnetic Properties 

An Investigation of the Magnetic Spectra of Solid 
Solutions of some NiZn Ferrites in the Radiofre- 
quency Range, L. A. Fomenko — 19. 

Cerenkov Radiation in Anisotropic Ferrites, V. E. 
Pafomov — 597. 

Concerning the Orientation of the Antenna of an Iono- 
sphere Station, Z. Ts. Rapoport — 296 L. : 

Electron Energy Spectrum in a Crystal Located in a 
Magnetic Field, G. E. Zil’berman — 835. 

Interrelation between the Anisotropy of the Hall | 
Effect and the Change in Resistance of Metals in a 


Magnetic Field. I. Investigation of Zinc, E. S. 
Borovik — 243. 

Magnetic Symmetry of Crystals, B. A. Tavger and 
B. M. Zaitsev — 430. 

On the Theory of Galvanomagnetic Effects in Metals, 
I. M. Lifshitz, M. la. Azbel’ and M, 1. Kaganov — 
143 L 

Relaxation Times i and r., in Anthracite, N. S. 


Garif?ianov and B. M. Kozyrev — 952 L. 

The Kinetics of Paramagnetic Phenomena, V. P. 
Silin — 305 L. 

The Solution of Inhomogeneous One-Dimensional 
Motion Problems in Magnetic Gasodynamics, S, A. 
Kaplan and K. P. Staniukovich — 275. 

Magnetic Resonance 

Paramagnetic Resonance in Anthracite and other 
Carbonaceous Substances, N. S. Garif’ianov and 
B. M. Kozyrev — 255. 

Paramagnetic Resonance in Synthetic Ruby, M. M. 
Zaripov and Iu. la. Shamonin — 171. 

Relaxation Times iy and r, in Anthracite, N. S. 
Garif’ianov and B. M. Kozyrev — 952 L. 

The Shape of the Dispersion Signal in Nuclear 
Magnetic Resonance with Strong High-Frequency 
Magnetic Fields, N. M. levskaia — 908. 

Magneto-Optical Effects (see Optical Properties ) 
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Magnetoresistance (see Electrical Conductivity and Re- 
sistance; Semiconductors ) 

Magnetostriction (see Magnetic Properties ) 

Mass Defects (see Atomic Mass and Abundance) 

Mass Spectroscopy (see Atomic Mass and Abundance; 

Methods and Instruments ) 

Mathematical Methods 


Application of Singular Integral Equation Theory to 
Problems of Scattering of Particles in an External 


Field, N. P. Klepikov — 550. 

Cerenkov Radiation in Anisotropic Ferrites, V. E. 
Pafomov — 597. 

Charged Particle Green’s Function in the ‘Infrared 
Catastrophe ’’ Region, L. P. Gor’kov — 762 L. 

Contribution to the Theory of Reactions Involving 
Polarized Particles, A. M. Baldin and M. I. Shiro- 
kov — 757 L. 

Meson Field Theory. III. Conservation of Physical 
Quantities, A. A. Borgardt — 312. 

Relaivistic Spherical Functions, A. Z. Dolginov — 
589. 

The Multiplicative Renormalizaion Group in the 
Quantum Theory of Fields, N. N. Bogoliubov and 
D. V. Shirkov — 57. " 

The Two- Dimensional Schrodinger Equation and the 

Representation of the Group of Plane Motions, E. L. 
Konstantinova and G. A. Sokolik — 752 L. 

Measurements (see Methods and Instruments) 
Mechanics 

Electrical Explosion of Metal Wires, I. F’. Kvart- 

skhava, A. A. Pliutto, A. A. Chernov and V. V. 


Bondarenko — 40. 
Mechanics, Quantum (see Quantum Mechanics) 


Mechanics, Quantum — Atomic Structure and Spectra 
(see Atomic Structure and Spectra) 
Mechanics, Quantum — Nuclear (sse Nuc lear Structure 
Theory ) 
Mechanics, Quantum — of Solid Bodies (see Crystalline 
State ) 
Mechanics, Statistical (see Statistical Mechanics and 
Thermodynamics ) 
Meson Field Theory (see Field Theory ) 
Mesons and Hyperons (see also Cosmic Radiation; 
Elementary Particles Interaction; Nuciear Reactions 
Induced by Mesons; Scattering of Mesons ) 
Angular Correlation in Cascade Decay of Hyperons, 
V. B. Berestetskii and V. P. Ignatenko — 991 L. 
Charge Distribution of Mesons in Nucleon — Anti- 
Nucleon Annihilation, A. I. Nikishov — 976 L. 
Contribution to the Theory of Production and Anni- 
hilation of Antiprotons , L. M. Afrikan — 503. 
Correlation between the Planes of Production and 
Decay of X° — particles, V. I. Karpman — 803 L. 
Disintegration of Beryllium and Carbon Nuclei as a 


Result of 7 — Meson Capture, A. A. Varfolomeev 
and R. I. Gerasimova — 988 L. 


Energy Spectrum of 7 — Mesons Produced by Cosmic 
Rays in Photographic Emulsions, A A. Varfolomeev, 
R. I. Gerasimova, E. A. Zamchalova, M. I. Pod- 
goretskii and M. N. Shcherbakova — 986 L. 

Energy Spectrum of the Penetrating Particles of 
Extensive Cosmic Ray Showers, I. I. Sakvarelidze — 
361. 

Isotopic Invariance and “Strange ’’ Particles — 994 L. 

K — Meson Charge Exchange in Hydrogen and Deu- 
terium, L. B. Okun’ — 142 L. 

Meson Component of the Cosmic Radiation at an 
Altitude of 3200 m Above Sea Level, N. M. Koch- 
arian, M. T. Aivazian, Z. A. Kiracosian, and A. S. 
Aleksanian — 350. 

Meson Formation in Pb, Cu, and C Nuclei by Cosmic 


Rays in the Stratosphere, D. Kaipov and Zh. Takibaev 


— 385. 

Multiple Meson Creation in Particle Collisions, L. G. 
Iakovlev — 128 L. 

Nucleomesodynamics in Strong Coupling. III. Trans- 
lational Motion, Meson-Field Mass and the Moment 
of the Nucleon, I. M. Dykman and S. I. Pekar — 882. 

On the Interaction between Nucleon and Antinucleon, 
lu. A. Tarasov — 636 L. 

On the Theory of Hyperons, R. S. Ingarden — 969 L. 

One-Meson and Zero-Meson Annihilation of Anti- 
nucleons, B. M. Pontecorvo — 966 L. 

Production of a Nuclear ‘‘Star’’ and 7 — Meson by a 
Gamma — Photon, Iu. A. Vdovin — 755 L. 

Production of Slow 7 +~— Mesons in Photographic 
Emulsion Nuclei by 460 mev Protons and Neutrons 
of 400 Mev Effective Energy, V. V. Alpers, L. M. 
Barkov, R. I. Gerasimova, I. I. G urevich, K. N. 
Mukin and B. A. Nikol’ skii and E. P. Loporkova — 
914, 

Production of Slow 7 +— Mesons in Photographic 
Emulsion Nuclei by 660 Mev Protons, V. V. Alpers, 
L. M. Barkov, R. I. Gerasimova, I. I. Gurevich, 


A. P. Mishakova, K. N. Mukin and B. A. Nikol ’skii- 


735. 


Some Cases of Generation of Heavy Unstable Particles 


On Beryllium Atoms — N. G. Birger, V. V. Guseva, 
G. B. Zhdanov, S. A. Slavatinskii and G. M. Stash- 
kov — 617 L. 

The Conservation of Isotopic Spin and the Cross 


Section of the Interaction of High Energy 7 — Mesons 
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Neutral Mesons, Ia. B. Zel’ dovich — 989 L. 
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Its Application to the Investigation of Slow Meson 
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Askar’ ian — 640 L. 
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Direct Measurement of the Molecular Attraction of 
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Feedback, B. V. Deriagin and I. I. Abrikosova — 
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V. V. Galpern — 541. 
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Abram Fedorovich loffe 


(On his seventy-fifth birthday) 
J. Exper. Theoret. Phys. USSR 30, 3-6 (January, 1956) 


(jee 29, 1955 marked 75 years since the day 
“of birth and 50 years of scientific activity of an 
outstanding Soviet physicist, Member of The Acad- 
emy of Sciences, USSR, Abram Fedorovich Ioffe. 
All of the physicists and the learned world of the 
Soviet Union celebrate this famous jubilee and 
greet Abram Fedorovich Ioffe not only as an out- 
standing scientist, but also as one of the greatest 
organizers of science in the Soviet Union. 

A. F. Ioffe was born in the cityof Romny ( Pol- 
tav District) in 1 880. After having completed the 
Real (Secondary) School in Romny, he entered the 
Petersburg Technological Institute. 

Manifesting great interest in scientific investi- 
gation and experimental physics, Abram F’edorovich 
upon graduating from the Institute went to Munich 
to work with the great experimental physicist 
Roentgen. From 1 902 to 1906 he worked with 
Roentgen, where he was occupied with the investi- 
gation of the electrical and elastic properties of 
quartz, He completed his studies at the Physics 
Institute of the University of Munich with great 
distinction and received the degree of Doctor of 
Philosophy. 

In 1906, after having declined a proposal of 
Roentgen to remain and work in Munich, loffe re- 
turned to Petersburg and was appointed as a 
researcher to the chair of Physics in the Polytech- 
nical Institute. Up to 1914 he still continued to 
collaborate with Roentgen. During this period, 
along with the investigation of the electrical and 
mechanical properties of crystals, Abram Fedorovich 
was studying the nature of light and the atomic 
structure of electricity. The investigations of the 
elementary photoeffect and of the magnetic field 
of cathode rays were the subject of his master’s 


dissertation, which he defended in 1 913. In the 
same year Ioffe was elected Professor of Physics 
of the Petersburg Polytechnical Institute. The 
continuing investigation of the electrical and elas- 
tic properties of quartz was the subject of his sub- 
sequent dissertation, for which the Petersburg 
University awarded him the degree of Doctor of 
Physics in 1915. 

The real development of the scientific and organ- 
izational activity of A.F. Ioffe began after the 
great October Revolution. He was one of the great 
scientists who from the very first days of the 
establishme nt of Soviet rule fully supported it. In 
the difficult year of 1918 he was actively engaged 
in the organization of the State Roentgen (X-ray) 
and Radio Institute in Petrograd. Before long the 
Physics Department of this Institute, headed by 
Abram F'edorovich, was made into an independent 
State Physico- Technical Roentgen Institute. 

From the very beginning of the foundation of the 
Physico- Technical Institute Ioffe considered that 
along with the investigation of the physical proper- 
ties of matter, it is necessary to develop the trend 
of introducing the attainments of physics into 
industry, The name of the Institute itself emphas- 
ized that this course—the relationship between 
physics and technology—was the most important 
object of the Institute. The chief collaborators of 
the newly established Institute became the young 
physicists, students of Abram Fedorovich— par- 


ticipants in the physics seminar which he organized 


at the Polytechnical Institute in 1916. A great 
many of these first students of A. F’. Ioffe became 
themselves great scientists: among them the 
Academicians N. N. Semenov, P. L. Kapitza, P. I. 
Lukirskii, associate member of the Academy of 


Sciences, USSR, Ia. I. Frenkel’, and others. The 
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new Institute became for a long time the main cen- 
ter of the development of physics in the Soviet 
Union. 

In 1920 Abram Fedorovich was elected Member 
of the Academy of Sciences, USSR (in terms of the 
date of his election A. F. loffe is at present the 
oldest Academician). 

Having foreseen that the development of social- 
ist industry would require the intensive develop- 
ment of physics and the creation of new factory 
laboratories, A. F’. Ioffe advanced the question of 
the training of new cadres. In 1919 he organized 
at the Polytechnical Institute a Physico-Mechan- 
ical Faculty for training cadres of new engine ers 
and engineer-physicists. For more than ten years 
he was the Dean of this Faculty, which wasclosely 

associated with the Physico-Technical Institute, 
and students of this Faculty were drawn by him 
to do scientific work at the Institute. Among the 
graduates of the faculty we see now many of the 
ereat scientists—Academician A. I. Alikhanov, I. K. 
Kikoin, V. N. Kondrat’ev, G. V. Kurdiumov, Iu. B. 
Khariton, associate members of the Academy of 
Sciences, USSR, G. A. Grinberg, I. Ia. Pomeranchuk, 
A. I. Shal’nikov, and others. When speaking of the 
Physico-Mechanical Faculty and of the work of 
loffe at the Polytechnical Institute one should note 
especially that during all of his pedagogical activ- 
ity his lectures were very popular and: attracted 
large audiences. 

During the first period of the existence of the 
Physico-Technical Institute the trend of the work 
there was closely connected with the investigations 
of Abram Fedorovich himself, the most important 
of which at that time were devoted to the studies 
of the mechanical and the electrical properties of 
crystals. The investigations of A. I. loffe on the 
mechanical properties, plastic deformation and 
elastic properties of crystals became the basis for 
contemporary ideas on the strength of materials. 
The studies of Abram Fedorovich on the electrical 
properties of dielectrics explained the mechanism 
of the processes occwring in insulating materials 
and made it possible to set up and solve a number 
of important practical problems, 

In 1924 A. F. loffe jointly with N. N. Semenov 
organized a Physico-Technical Laboratory in order 
to improve the link with industry and to work out 
practically important problems in technical physics 
(electro -technical, radio-physical, acoustic, 
thermo-technical, and others). The activity of this 
laboratory was so closely interlinked with the act- 
ivity of the Physico‘lechnical Institute that in fact 
it was a single institute (and soonthesewere amal- 
gamated), 


A significant role in the development of Soviet 
Physics was played by the Allunion meetings and 
conferences of physicists,the initiator and leader 
of which was A.F. Joffe. Taking into account the 
rapid tempo of the industrialization of the country 
and the ueed of the most rapid development of 
physics in the Soviet Union, Abram Fedorovich 
entered upon the organization of a number of insti- 
tutes in various regions of the Union. His initia- 
tive was greatly supported by the Soviet Govern- 
ment and in the beginning of the thirties he under- 
took with great energy the organization of a number 
of new physico-technical institutes. From the 
staff of the Leningrad Physico-Technical Institute 
(LPT) Ioffe appointed talented physicists, who 
formed the main nucleus in the institutes estab- 
lished in Kharkov’, Sverdlovsk, Tomsk and 
Dnepropetrovsk. 

Not limiting himself to the organization of such 
institutes, Abram Fedorovich interested himself 
greatly in the application of physics not only to 
industry, but also to other fields and, in particular, 
to agronomy. Iie showed that physical methods 
may be effective for the solution of such problems 
as the heat and moisture condition of soils , im- 
provement of the composition of soils, etc. In 1932 
he organized in Leningrad a Physico-Agronomical 
Institute, of which he is the director up to the 
present. 

In 1930 when a number of well-defined scientific 
trends crystallized out at the LPTI and quantita- 
tivelythe Institute developed greatly, Ioffe pro- 
posed to subdivide it; it was separated into the 
Institutes of Chemical Physics and Electrophysics. 
In the remaining Physico-Technical Institute 
A. F’. loffe developed energetically four main 
directions: nuclear physics, physics of polymers, 
studies of the mechanical properties of metals and 
physics of semiconductors. The latter trend was a 
result of the per sonal investigations of Abram 
Fedorovich and under his direct guidance. 

It would be difficult to separate the scientific 
activity of A. F. Ioffe from the work of the LPTI. 
Re sardiens of the fact that, beginning with 1930 
the personal investigations of Abram Fedorovich 
were concentrated onthe studies of semiconduc- 
tors, it can be stated with certainty that also the 
other investigations owed much to his initiative. 
At his suggestion a strong group was set up for 
the study of nuclear physics headed by I. V. Kurch- 
atov, A. I. Alikhanov and A. A. Artsimovich, and 
during this period the LPT] became the main 
center of studies of nuclear physics in the Soviet 
Union. A. F, Ioffe influenced greatly the study of 
the physical properties of polymers. The investi- 


2 


ABRAM FEDOROVICH IOFFE 


gation of the mechanical properties of metals was 
the direct result of his work on the mechanical 
properties of crystals. In a short article it would be 
impossible to enumerate all the investigations car- 
ried out at the LPTI. We will attempt only to de- 
scribe briefly the studies of A. F. Ioffe and his co- 
workers in the field of semiconductors. 

In the beginning of the thirties Abram Fedorovich 
stressed the importance of semiconductors and noted 
that for the practical use of semiconductors it will 
be necessary to have a profound knowledge of their 
physical properties and, in particular, to have the 
knowhow of effecting changes in these properties. 
The study of the electrical properties of semi- 
conductors was started first. This permitted the 
understanding of the nature of impurity and specific 
conductivity, the electron and hole mechanism of 
conductivity and the effect of impurities and of 
deviations from stoichiometric composion. Detailed 
investigations were carried out on the internal 
photoeffect of cuprous oxide. The behavior of semi- 
conductors in strong electric fields was studied. 
Great interest was aroused by the hypothesis on 


the mechanism of rectification on a contact with two: 


semiconductors having a different type of conduct- 
ivity (electron and hole). The studies on semi- 
conductors which were carried out at the PTI in the 
prewar years beginning with 1930 were devoted not 
only to physical investigations, but also to a number 
of important industrial applications. New photo- 
elements of high sensitivity were produced from 
thallium sulfide; new rectifiers using cuprous oxide 
with magnesium for high current densities were 
produced. By analyzing the thermoelectric and ther- 
mal properties of semiconductors, loffe pointed out 
a practical use of semiconductive thermoeleme nts 
for the direct transformation of heat into electric 
energy. 

At the beginning of World War II, the LPTI was 
evacuated from Leningrad to Kazan’. During this 
period the work of the institute was reorganized 
and directed towards the solution of problems im- 
portant for defense. Some of these problems were 
already studied theoretically at the institute, and 
now individual groups of workers took an active 
part in their practical solution. Some problems 
produced by the war were successfully solved by 
the workers and students of A. F. Ioffe under his 
direct leadership. A group of workers of the instit- 
ute, headed by P. P. Kobeko, one of the closest 
students of Ioffe, carried out, under the difficult 
conditions of the siege,the important work connected 
with the ‘ ‘ice road’’ over Lake Ladoga, and others. 

At the end of the war the L.PTI returned to 
Leningrad and under the leadership of A. F’. Ioffe 


co 


and owing to the untiring efforts of the whole staff 
it was reinstalled. After the war, the same as 
before the war, the work of the institute continued 
along the same lines, that is, nuclear physics, the 
physics of polymers, semiconductors, and metals. 
The personal interests of Abram Fedorovich were 
again concentrated on the studies of semiconduc- 
tors and under his leadership the workers of the in- 
stitute extended greatly the work in this field. 

In 1951 A. F. Joffe left the position of the di- 
rector of LPTI and organized a separate laboratory 
of Semiconductors at the Academy of Sciences, 
USSR, and Abram Fedorovich was appointed direc- 
tor. 

{In the last decade, as was foreseen by A. F’. loffe, 
semiconductors have become exceptionally important 
technically and the interest in the theory of semi- 
conductors increased greatly. Simultaneously with 
essential improvements in the known industrial 
seniconductive devices, new, industrially valuable 
devices were also produced; it suffices to mention 
only semiconductive amplifiers as an example. 

In the post war period Abram Fedorovich con- 
ducted thorough investigations of the physical 
properties of semiconductors. As a result of the 
work of Joffe and his students, a number of prob- 
lens connected with the actual control of the 
properties of semiconductors has been largely 
solved. These problems are of primary importance 
for industrial applications. As an example we may 
point out the solution of the problem of the actual 
control of the thermoelectromotive force and the 
thermal conductivity of semiconductors, which made 
it possible to construct batteries of high efficiency 
and thermoelectrocoolers. In order to coordinate 
all of the scientific investigations on semiconduc- 
tors in the Union, a commission on semiconductors 
under the chairmanship of Ioffe was set up at the 
Academy of Sciences, USSR. 

The achievements of A. F. Ioffe as a reknowned 
scientist are well known and highly valued not only 
in our country, but also abroad. A. F’. Ioffe has been 
elected as honorary member of a number of foreign 
Academies. 

The untiring, long, passionate scientific work 
of Abram Fedorovich, his service to the mother- 
land, have long been acclaimed. On the day of 
his seventy-fifth birthday A. F’. loffe received the 
title of Hero of Socialist Labor. 

The importance of the role of A. F. Ioffe as an 
organizer of Soviet Physics is expressed best of all 
by the fact that he had established a whole network 
of physical and physico-technical institutes (16 
institutes), by the organization of the first Physico- 
Mechanical Faculty—a forge for specialists of a 


new type: engineer physicists,by his long and 
brilliant pedagogical and scientific activity. Abram 
Fedorovich is the teacher of several generations 
of Soviet physicists. He succeeded in instilling in 
his students a love for science and a desire to 
apply the results of their studies for the good of 
their country, that is, those features which are 
characteristic of all of his activity. 

Now, in the days of his seventy-fifth anniversary 
Abram Fedorovich Ioffe is full of creative powers, 
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full of ideas for new work and plans for wide 
practical applications of semiconductors. 

All the physicists of the Soviet Union warmly 
congratulate Abram Fedorovich on his seventyfifth 
birthday and wish him great success in his future 
activity and many years of fruitfull work. 


Translated by E. Rabkin 
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Photoelectric Quantum Yield in Silver Bromide Crystals 


M. S. EGorROvA AND P. V. MEIKLIAR 
Molotov State Pedagogical Institute 
(Submitted to JETP editor November 9, 1954) 
J. Exper. Theoret. Phys. USSR 30, 60-67 (January 1956) 


The quantum yield of the photoelectric effect in silver bromide was determined. It was 
shown that as one increases the concentration of electron emitting centers, one decreases 


the magnitude of the quantum yield. 


GREAT deal of work has been devoted to the 

study of the photoelectric effect in silver 
halides? Only Lehfeld’ and Hecht?, however, 
actually measured the quantum yield of the reac- 
tion. The difficulty of determining this quantity, 
even in terms of the energy absorbed, is due to 
the fact that it depends on the quantum yield as 
well as on the “‘displacement’’ of the electrons. 
For this reason Lehfeld performed his experiments 
under saturation conditions when all electrons 
freed by the light quanta reach the anode. Mea- 
surements at such great field strengths (3000 v/cm) 
are hard to perform at room temperature, because 
of the presence of large and unsteady background 
(dark room) currents. For this reason Lehfeld 
and Hecht performed their experiments at liquid 
air temperatures. They found the quantum yield 
to be between 0.1 and 0.6 and the electron dis- 


1, A. Kirillov and A. S. Fomenko, Trudy Odessa 
Inst. 8, Odessa, 1951, p. 7. 


2 W. Lehfeldt, Nachr. Akad. Wiss. Gottingen Math.- 
physik. KI I, 171 (1933), 


3K, Hecht, Z. Physik 77, 235 (1932). 


placement per unit field strength was of the order 
of 4 x 10°4cm /(volt/cm). 

The literature contains no data on the above 
quantities at room temperature. It was this lack 
that inspired the present work. 


EXPERIMENTAL METHOD 


Silver bromide crystals were prepared by allow- 
ing the fused salt to flow between two glass discs, 
as was previously described by one of the authors.4 

In order to measure the photoelectric current we 
built a special ac amplifier that was calibrated by 
means of an audio oscillator with a vacuum tube 
voltmeter as well as with a 50 cycle alternating 
current. In the latter case a known voltage was 
attenuated by means of a voltage divider. The 
silver bromide crystals were placed in a metal 
box in which the electrodes rested on insulated 
discs. The box was connected to the amplifier 
by means of a coaxial cable. The inner conductor 
applied the voltage from one of the electrodes 


4 P. V. Meikliar, J. Exper. Theoret. Phys. USSR 21, 
42 (1951). 
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ta the input grid of the amplifier through a coup- 
ling condenser. The input impedance was 47.5 
megohms. The second electrode and the metal 
box were grounded. The photoelectric current was 
amplified, rectified with a diode and then measured 
on a moving pointer type galvanometer. When re- 
laxation times were to be observed, the electrodes 
were connected directly to an oscillograph of type 
F'O-4. Windows in front and back of the metallic 
box allowed light to shine through the crystal. 
This permitted us to measure both the photoeffect 
and the absorption without disturbing the position 
of the crystal. An oven was mounted in such a way 
that when needed it could be lowered so that the 
crystal was inside it. The oven was equipped with 
windows that allowed the crystal to be illuminated. 
It was thus possible to measure the photoeffect and 
the absorption at higher temperatures. The crystal 
was illuminated by means of a monochromator of 
type UM-2. The monochromator lamp was fed from 
a stabilized 12 volt, 30 watt source. The light 
was modulated by means of a slotted disc driven 
by aconstant current motor. The needed current 
for a given speed of rotation was predetermined by 
means of a stroboscope and kept constant through- 
out the experiment. The angular rotation of the 
disc was such as to modulate the light at 50 cycles 
per second. The coefficient of absorption was mea- 
sured with the help of a selenium photocell attached 
to a high sensitivity mirror galvanometer. A special 
apparatus was used to measure the coefficient of 
reflection. Monochromatic light was made to pass 
through a half mirrored surface, reflected from the 
erystal and again made to fall on the semitrans- 
parent surface, 45°to the path of the beam, from 
which it was reflected to the photocell. One com- 
pared the galvanometer deflection in this case with 
the deflection when the crystal was replaced by a 
mirror of known coefficient of reflection (close to 
unity). The energy distribution in the monochroma- 
tor was determined by means of a thermocouple 
previously calibrated against a standard light of 
known color temperature and known intensity. 

In the region of wavelength between 400 and 
450 mp the galvanometer deflection was very small. 
In this region we made use of a photomultiplier, a 
specially designed tube that gave a galvanometer 
deflection of 45 mm. when the output slit of the 
monochromator was set at 1.0 mm. 

The low temperature measurements were made in 
a cylindrical container with the crystal placed in 
it in a horizontal position. The container was in a 
wooden box packed with solid carbon dioxide. Light 
from the monochromator was deflected down on the 
crystal by means of a mirror. After passing through 
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the crystal the light fell on the selenium cell un- 
derneath the crystal. This allowed the determina- 
tion of the photoelectric current and the coefficient 
of absorption at low temperatures. The temperature 
in all cases was measured with a thermocouple. 

In some of our experiments the crystal was illumé 
nated with light of wavelength 365 mp. This was 
obtained from a mercury lamp of type SVDSh-250 
passed through a type FS-2 filter. In this case the 
light was modulated by the alternating current 
through the mercury lamp. 


RESULTS OF THE EXPERIMENT 


Figure 1 shows the conductivity of silver bromide 
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Fic. 1. Photoelectric current in AgBr expressed per 
unit of energy absorbed. 


as a function of wavelength expressed in coulombs 
per erg, i.e., per unit energy absorbed at room tem- 
perature. Figure 2 shows a similar curve for silver 
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Fig. 2. Photoelectric current in AgRr with 10 mole 
percent of Agl (per unit energy absorbed.) 
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bromide crystals that contain 10 mole per cent 
silver iodide as an impurity. We see that in the 
blue portion of the spectrum the curve has two 
maxima, one at A = 410 to 420 mp and one at A 
= 460 mp. This agrees with the results of Kirilov 
and Fomenko! and those obtained by Zaidman®. 
Changes in the temperature of the crystal greatly 
effect the magnitude of the photoelectric effect. 
Figure 3 shows graphs of the photoelectric sensi- 
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Fic. 3. Curves of photoelectric current in AgBr at 
different temperatures. 


tivity at various temperatures. It is seen that as 
the temperature goes up there is a drastic change 
in the photoelectric sensitivity. This agrees with 
the qualitative observations of Putseiko and Mei- 
kliar®. One could suspect that the decrease in the 
photoelectric sensitivity with increase in tempera- 
ture was due to a higher relaxation time. We there- 
fore performed special measurements of the relaxa- 
tion time at temperatures that were used in our ex- 
periments. These showed that always during the 
time that the crystals were illuminated, the relaxa- 
tion curves showed saturation. 

In order to clarify the reason for the decrease in 
photoelectric sensitivity with increase in tempera 
ture, we determined the quantum yield of the pho- 
toeffect as well as the electron displacement, both 
per unit field strength. For uniform illumination 


5 H.M. Zaidman, Zh. Fiz. Khim 26, 1791 (1952). 


6 ‘ 
E. K. Putseiko and P. B. Meikliar, J. Exper. 
Theoret. Phys. USSR 21, 341 (1951), 


of the entire crystal one may use Hecht’s equa- 
tion 


Pare Doria ge 


where w is the ratio of the total charge Ne released 
by the light to the charge Ne(x/J), which passes 
through the measuring apparatus. Here e is the 
charge on the electron, / is the distance between 
electrodes, x the mean free path of the electrons 
and w is the electron “‘displacement’’, i.e., the dis- 
tance in which the number of free electrons released 
by the light and traveling towards the anode is 
diminished by e. 

Hecht and Lehfield found that the electron dis- 
placement w is proportional to the field strength 
E. One may therefore introduce the constant 


c =w/E. Furthermore N = P n/hv where | appar 
is the ammount of monochromatic energy absorbed 
by the crystal, hv the energy of the quantum, and 


7 the quantum yield of the photoeffect. One can 
therefore rewrite Hecht’s equation in the form 
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The above equation expresses the photoelectric 
current i as a function of field strength E. Figure 
4 shows the experimental curve of i = f(E). The 
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Fic. 4. Photoelectric current as a function of field 
strength. 


independent determination of 7 and c was per- 


formed as follows: We determined the value of 
tan a= (di/dE), _ Letting l/cE =a we obtained 


7 ; 
R. Gerni and N. Mott, Electronic Processes in 
onic Crystals, p145. 
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From this we obtain a graphically as the abscissa 
of the point of intersection of the curves 


y=(I-gag)e ya toes 


The magnitude of E was varied from 0 to 100 
volts at each wavelength; 7 and c were measured 
for a variety of values of E and i; 1 was measured 
independently. In addition, the resistance of the 
crystal was always measured for each trial. This was 
necessary because the applied voltage was di- 
vided between the crystal and the input resistance 
of the amplifier. 7 and c were both fairly constant 
with different values of E. This gives experimen- 
tal justification to Hecht’s equation. 

In addition to the above method 7 and c were 
also determined by considering two points on the 
i = f(E) curve, i.e., by using two pairs of values 
of i and E. Both methods gave approximately the 
same results. 

Figures 5 and 6 show the dependence of the 
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Fic. 5. Graphs showing the dependence of the quan- 
tum yield upon wavelength at different temperatures. 


qiantum yield 7 on wavelength at vaious tempera- 
tures. Figure 7 shows 7 and c as a function of 
temperature at a fixed wavelength. These curves 
show that the quantum yield decreases as the tem- 
per ature goes up. 

Although changes in temperature have a very 
great effect on the quantum yield of a given crys- 
tal, one must realize that from crystal to crystal 
the yield may differ by as much as ten fold. In 
order to find out what it is that determines the 
quantum yield, we measured the concentration of 


Erg: 6; Graphs showing the effect of wavelength upon 
the quantum yield at different temperatures. 
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Fic. 7. Graphs showing 7 and ¢ as a function of 
temperature, 


the centers from which the electrons are freed in 
a silver bromide crystal. We consider those to be 
identical with the so called F-centers in the al- 
kali halides. Our results, by the way, apply to 
any kind of photoelectrically active centers. 

The concentration of F--centers was determined 
as follows: The optical density of the crystal 
was measured at a number of temperatures (see 
Fig. 8). From the area under the curve one de- 
termined the increase in the number of F- centers, 
AN ;, from room temperature to the given tempera- 
ture ®. Considering that 

Ne = Nye, 


we can write No = ANr / (e271 — e—WIRT:) 


8 P. V. Meikliar and R. S. Shimanski, J. Exper. 
Theoret. Phys. USSR 27, 156 (1954). 
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Where w is the activation energy (0.15 ev), T', 

= room temperature and 7’, = the crystal tempera- 
ture after it was heated. Having once established 
N. from known AN p for several temperatures, it 
was possible to determine the concentration of 
F-centers at any temperature. 
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Fic. 8. Increase in the optical density of AgBr crys- 


tals as a function of frequency at different temperatures. 


The concentration of F-centers was also va- 
ried by means other than temperature; such as by 
illumination of the crystals, cooling,and the ad- 
dition of impurities. In each case the concentra- 
tion of F-centers was measured. 

It was determined that as the crystal was il- 
luminated the concentration of F-centers went 
up while the quantum yield went down. Similar 
results were obtained when the crystals were 
quickly cooled from a temperature of 200 to 
250°C. In each case, regardless of the method 
used to increase the concentration of F-centers, 
the quantum yield went down as the concentra- 

tion of F-centers went up. The relation is shown 
in Fig. 9 (for A= 430 mp) where a linear relation 
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Fic. 9. Dependence of log 7 on the concentration 
of F-centers, Nive 


is seen to obtain between log 77, and N p> that is a 


relation of the form; = A exp (— BNr), (where A 


~ 0.04 and B =0.65). The table shows the com- 
plete data. mes / 
The decrease in photoelectric sensitivity with 
increase in temperature takes plae also at r 
= 365 my, that is in the region of absorption of 
crystalline silver bromide. The dependence of 
the quantum yield 7 on the temperature at d\ = 365 
my is shown in Fig. 10. Figure 11 shows log 7 
as a function of Np the concentration of F-cen- 


ters. 
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Fic. 10. 7 as a function of temperature for \ = 365 
mp; 1—No. 18, 2—No. 32. 
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Fic. 11. log 7 as a function of F-centers for 
d= 365 mp. 
DISCUSSION 


It is hard to establish definitely the reason for 


the dependence of the quantum yield upon the con- 


centration of F-centers. One might venture the 
following hypothesis: In the case of the lumines- 
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cence of dyes one recognizes the phenomenon of 
concentration quenching. It consists of the fact 
that as the concentration of the luminescent dye 
goes up, the luminescent yield decreases. There 
is a transfer of energy absorbed by one molecule 
to another similar molecule, as a result of which 
there is an increase in the probability of energy 
degradation into heat or some photochemical 
reaction. Vavilov® obtained the following equa- 
tion for the probability of nontransfer of energy 
as a function of molecular concentration C:q(C) 
= e °“ where a is a linear function of time. 

The presence of a dependence of photoconduc- 
tion upon the concentration of F-centers gives 
reason to believe that we are dealing here with a 
concentration quenching of photoconductivity. 

Experiments show that the concentration ef- 
fects for dye solutions occur at concentrations of 
10°? mol per liter, where the mean distance be- 
tween the molecules in solution is about 50 A, 
although, according to the quantum theory, the 
phenomenon should begin to be apparent at mean 
molecular separation of about 200 A. The phenome- 
non tha is observed in silver bromide occurs 
when the concentration of F-centers is 1017 to 
1018 om, i.e., when the distance between neigh- 
boring centers is about lOOA. 

The energy flowing through the crystal may 
be degraded into heat or it may bring about a 
photochemical reaction yielding sensitized sil- 
ver bromide. F'avoring the latter assumption is 
the fact that the lesser photoconductive crystals 
are usually more active photochemically. Simi- 
larly it is known that the photoelectric sensi- 
tivity of photographic emulsions is negligible. 

It is of course possible that production of photo- 
activated silver may be due to the migration of 
electrons as is suggested by the experiments of 


Haynes and Shockley ?°. 

The intrinsic photoelectric activity of crystals 
also seems to be related to the concentration of 
F-centers. From this we might deduce the active 
nature of absorption in the region of self absorp- 
tion and release of F-centers. 


9 A. N. Terenin, Problems in Physical Optics, Papers 
presented in memory of S. I. Vavilov, GTTI, Moscow, 


1951, p20 


10 
J. R. Haynes and W. Shockley, Report on Con- 
ference on Strength of Solids, London, 1948 p151. 
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Total cross sections of positive 7-mesons on hydrogen were determined by the attenua- 
tion method, the beam of mesons passing through a scatterer of liquid hydrogen. From the 


set of measured total cross sections of 7° mesons on hydrogen and deuterium, carried out 
by the authors, the contributions to the scattering of the different isotopic spin states at 


energies between 140 and 400 mev is derived. 


tS) 


XISTING data on the total cross sections of pos- 

itive 7-mesons on hydrogen obtained by the 
attenuation method can be divided into two groups. 
In the first group, precise data with good energy 
resolution have been obtained recently by Ashkin 
et al! Their measurements appear continuous 
with others at higher energy (up to “200 mev) car- 
ried out earlier by Anderson, Fermi et al? The 
second group of data 4 of a preliminary char- 
acter, covers the interval of energy from 150 mev 
to 450 mev. These measurements make it possible 
to decide whether there exists a maximum of the 
total cross section 0, (7", p) in its dependence on 
the energy, but because of insufficient energy 
resolution it is not possible to say anything defin- 
ite about the position of the maximum or the magni- 
tude of the cross section in its neighborhood. 

We have made measurements of the total cross 
sections of 7* mesons on hydrogen in the energy 
interval 140 to 230 mev. Positive mesons, pro- 
duced in a copper target placed inside the vacuum 
chamber of the synchrocyclotron, passed through a 
channel made in the vertical mounting of the yoke 
of the accelerator’s electromagnet. Consequently, 
special shielding against the direct radiation of the 
synchrocyclotron was not required. The total cross 
section was determined from the attenuation of the 
beam of mesons in passing through a hydrogen scat- 
terer. The geometry of the experiment is shown in 
Figure 1. The target used in the experiment held 
about 12 liters of liquid hydrogen. The length of 
the scatterer was 28 cm, which corresponds to 


1.97 gm/ cm? of hydrogen. 


: J. Ashkin, J. P. Blaser, F. Feiner, J.G. Gorman, 
and M. O. Stern, Phys. Rev. 96, 1104 (1954). 

2H. L. Anderson, E. Fermi, E. A. Long, and D. E. 
Nagle, Phys. Rev. 85, 936 (1952). 

31. C. L. Yuan and S. J. Lindenbaum, Bull. Amer. 
Phys. Soc. 28, 13 (1953); Phys. Rev. 92, 1578 (1953). 


41. C. Yuan et al, cited in F. de Hoffman et ale 
Phys. Rev. 95, 1586 (1954). 


As in the experiment on the scattering of nega- 
tive 7-mesons} the beam of 7* mesons falling on 
the target was detected by a system of three coun- 
ters (1 ,2,3). However, in view of the fact that the 
beam of positive mesons contains a very great 
number of protons having the same momentum as 
the mesons, one of the scintillation counters in the 
defining telescope (1 ,2,3) was replaced by a Cer- 
enkov detector. This lowered the effectiveness 
for registering protons to approximately one hun- 
dredth of one per cent, but even this does not ex- 
clude the possibility of their being registered com- 
pletely because the plexiglass used as Cerenkov 
radiator scintillates slightly. In order to avoid all 
errors in the measurement of attenuation due to the 
admixture of protons of low energy, a filter (4.6 
gm/ cm” of polyethylene) capable of stopping pro- 
tons contained in the meson beam was placed in 
front of the third scintillator. 

Mesons which passed through the last scintil- 
lator (4) were registered by a coincidence counting 
arrangement. In the measurements, to exclude the 
possibility of error arising from the drift of elec- 
tronic apparatus, the hydrogen dewar was replaced 
by a blank at intervals of 5-10 minutes. The iden 
tity of the path of the beam through the walls of 
the dewar and the blank was checked by a special 
experiment with an intense beam of negative 
m-mesons. On account of the low current of 7+- 
mesons, the determination of their energy during 
the measurement runs was extremely difficult. We 
used another method of measuring the energy, the 
method of the flexible current bearing conductor 
immersed in the magnetic field?“ As a control, the 
range of the mesons in copper was measured at an 
energy of 145 mev. This measurement coincided 
with that obtained by the method of the current 
bearing filament. The maximum possible inhomo- 


> AStE Ignatenko, A. E. Mukhin, E. B. Ozerov, and 
B. M. Pontecorvo, Dokl. Akad. Nauk SSSR 103, 45(1955). 
6 J. J. Thomson, Phil. Mag. 13, 561 (1907); M. C. 
Kazodaev and A. A. Tyapkin, Report for 1952 of Institute 
of Nuclear Problems, Academy of Sciences. 
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geneity in the energy of the beam of mesons which 
fell on the target was also determined with the help 
of the current bearing conductor in the magnetic 
field. This maximum dispersion in energy was de- 
termined by the aperture of the collimating system; 
it was approximately + 1.5 % of the nominal beam 
energy. The total uncertainty in the energy (taking 
into account the slowing down of the mesons in 
hydrogen, the errors in the measurement, and the 


initial maximum possible inhomogeneity of the beam 


in energy) was about +6 mev. 
It is well known, that in a beam of positive 


7-mesons of energy from 130 to 200 mev, the admix- 


+ : 1 
ture of ."-mesons remains practically constant. 


From experiments with beams of negative 7-mesons® 


it is seen that in a very wide band of energies 
above 180 mev, the admixture of — mesons also 


changes insignificantly . On the basis of the exper- 


imental facts presented above, the admixture of 
u+—mesons wasmeasured by absorption only for one 
energy, 145 mev, and assumed constant for all 
energies which are of interest for the following. 
The admixture was (7.0 +1.5) %. 

Under the geometrical conditions of the experi- 
ments, (average angle registered by the last detec- 
tor, @=8°) the last scintillator was registering 
an appreciable part of the recoil protons and scat- 
tered mesons. The correction taking this effect into 
account was determined from the known angular dis- 
tribution at three energies ‘~? . At an energy of 
144 mev, where the filter in front of the last scin- 
tillator was sufficient to stop all recoil protons, the 
experimentally measured correction for recoil pro- 
tons practically coincided with the calculated 
correction (Table 1). 


TABLE I. 
Correction 
9, (x*, p) ats x S, (m", p) 
(10°27cm2z) |“ § 5 (1078? em?) 
measured o ° a corrected 
eo A, = 
Without filter . . . .| 185,9+ 4,0 ail 3,8 | 149,4+4,7 
With filter . ... . | 147,4-+3,8 — 3,6 | 151,2+3,9 


The results of the measurements, with the corres- 


ponding corrections inserted, are displayed in 
Table 2. The errors indicated in the second col- 
umn are statistical and include uncertainties aris- 
ing from the insertion of corrections. The first 
number was obtained with the help of the method of 
( CH,-C) differences (with a geometry described 
earlier in Reference 5); the remaining data were 
obtained with liquid hydrogen. 


TABLE II. ; 
FT rene een 
140+7 133 +8 
14446 1514 +4 
164 + 6 169 +5 
174+ 6 193 +6 
184 + 6 196 + 6 
194 + 6 200 + 6 
209 + 6 179 +6 
219 + 6 156 + 7 
229 + 6 132 +7 


The numbers indicated in Table 2 for the total 
cross section in the neighborhood of 195 mev are 
in good agreement with the data of Ashkin et al! 
The continuation of the measurements in the 
direction of higher energy where, up to the present, 
no direct measurement of the total cross section 
existed, shows that it reaches its maximum value 
(200K 10-27 em?) at approximately 190 mev. After 
achieving the maximum, the cross section falls 
relatively rapidly with further increase in energy. 
Earlier the position of the maximum of o/(7,"p) 
could be judged only from the results of indirect 
measurements, which were discussed in Reference 
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Fic. 1. Scheme of the experiment. J--Cerenkov 
detector; 2,3,4--scintillation counters, 


It is worth noting that the position of the maxi- of the maximum is also equal to the maximum pos— 
mum for 7* mesons coincides with the position of sible value for the cross section in a P3/2 state 
the maximum in 0,(7",p). with isotopic spin T=3/2, i.e., it is (8/3) X?, 

In the neighborhood of the maximum, themagni- From the requirement of charge independence, 
tude of the total cross section o,(r*p) reaches there follows the relation O7  9= 80,7, p)=732)/2 
the value 8742 ( where X is the wavelength in the which connectsthe total cross section of the states 
center of mass system) i.e., it reaches the maxi- with isotopic spin T=3/2 (Ce and T=] /2Xo, a) 
mum value of the cross section for elastic scat- It determines the contribution to the scattering of 
tering in P-states with total angular momentum the state with isotopic spin T=1/2. Our measure- 
equal to 3/2. As is well known 155 for 7-mesons, mentscot o,(*, p)=3 79 up to the energy 230 mev 
the magnitude of the cross section in the region are plotted in Figure 2. At higher energies, the 
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Figs? Total cross sections O7 /, and 03/2 for 7-mesons 

on nucleons in the states of isdtdpic spin T=1/2 and 

18) % x =; (cae P) = 6), 5 

A—[9,(x", d)—oe (nr, p)] = Ss, O—d3e(m, p) 
@ — [30,in",p)—o (n+, p)]/2=9,,, 


quantity [o,(7,d)-o, (7, P)] ZO, p) is plotted! 2 For the purpose of comparison, both o, (7*, p) 


POSITIVE 7-MESONS 13 


and [o (am , d)- Oo, (7 ,P) ] are plotted at an 
energy of 226 mev. As one can see, these quan- 
tities agree sufficiently well. In the figure, the 


energy dependence of 30; (7 ,P) is also shown, 
as well as the value of os obtained with the 
help of the relation written down above. 
Although the entire set of measurements is 
consistent with the idea that the interaction of 
m -mesons with hydrogen in the energy interval 
140 to 300 mev takes place principally in a single 
state with T=3/2, it should be remarked that al- 


ready at an energy of 250 mev, as one can see 
from Figure 2, the contribution to the scattering 
of the state with T=1/2 becomes noticeable. 


In Fig. 3, our experimental data are plotted to- 
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Fic. 3. Total cross section of 7 mesons on et 
O, (7+, p). The solid curve is the ‘‘resonance’’ solution 
of Bethe et al.11 


gether with the curve of the energy dependence of 
the total cross section of positive mesons in 
hydrogen calculated by Bethe et al.!! This 
curve corresponds to their ‘ ‘resonance”’ solution 
(resonance refers to the phase shift « ,., corres- 


ponding to the state P;,, with isotopic spin T=3 /2). 


The experimental points are in very good agree- 
ment with this solution. It should be noted that 
the entire set of results of our measurements of the 
total cross sections of 7-mesons in hydrogen and 
deuterium in the energy interval 140 to 400 mev are 
well described by the semi-phenomenological **iso- 
bar’’ theory of Tamm et al.*? 

It is of definite interest to compare our measure- 


11 F,de Hoffman, N. Metropolis, E. F. Alei, and H. A. 
Bethe, Phys. Rev. 95, 1586 (1954). 

12 |. —. Tamm, Iu. A. Gol’ fand, G. F. Zharkov, L. V. 
Pariskaia, and V. la. Feinberg, Report of the All Union 
Conference on Quantum Electrodynamics and the Theory 
of Elementary Particles (31 March-7April 1955). 


ments of the cross section o(n-, d) with the sum 
of the total cross sections for free particles 
On p) +o,(7+,p), which is equal, according to 


the principle of charge symmetry, to o,(7~, p) + 
Orl7-,n). In Fig. 4 the values of oO (7-,d)'° are 
plotted, and also the area of possible values of the 
sum oO, (7-, p) + oO; Can p), indicated by the striped 
area (Galnee taken from the present work andRef. 5). 
It is clear that in the neighborhood of the maximum 
there is a noticeable decrease of O; (7-, d) in 
comparison with the sum Ch Ar ard h ad 0, (wt, p). 


200 


150 


00 150 200 2506,(mev) 


Fic. 4. Comparison of 9%; (x, d) and the sum 
o.(m, p) to, (nt, p). O—a;(n-, d) , striped area 
o,(mt, p)+o4(n, p) 


Such behavior of the cross section of the deuter- 
on is in agreement with theoretical predictions of 
Tamm and Brueckner. From their calculations 
in impulse approximation with the inclusion of the 


effects of multiple scattering one can derive that in 
the case of interaction in the state of isotopic spin 
3/2 there will be observed a noticeable decrease 
of the total cross section of the deuteron in com- 
parison with the sum of the cross sections of the 
free nucleons at a phase shift greater than 45°. 

The authors are deeply grateful to Academician 
{. E£. Tamm for numerous discussions. 


Added in proof. After the present paper was written, 
the use of beams of 7" mesons, produced by external 
protonbeams, made possible measurements of the total 
(and differential ) cross section of hydrogen at meson 
energies above 300 mev. The results of that work as 
well as the recently appeared work of Lindenbaum and 
Yuan14 will be discussed in a communication which will 


appear Soon. 
13k. A. Brueckner, Phys. Rev. 89, 834 (1953). 


Pars J. Lindenbaum and L. C. L. Yuan, Phys. Rev. 
100, 306 (1955). 
dzenslated by A. S. Wightman 
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The striking and maintaining voltages have been investigated in argon, neon and hydro- 
gen as a function of gas pressure and geometry of discharge space in the frequency range 
from 57 to 500 mc. It has been established that boundary conditions at the electrodes and 
walls of the discharge tube have a substantial influence on the striking and maintaining 
voltages. As the frequency of the a-c field is increased from 57 to 500 mc, the curves 
showing striking and maintaining voltages vs. pressure in hydrogen, argon and neon are 
displaced into the high voltage region, and the minima of these curves are displaced into 
the high gas pressure region. A region of critical frequencies has been found for hydrogen 
within which the dependence of striking voltage on gas pressure remains practically con- 
stant with changes in field frequency. Results of the present investigation are in accord 
with conclusions of the diffusion theory of high-frequency discharge }*?, 


INTRODUCTION 


t is known that when pressure in a high-fre- 
I quency discharge is reduced, the striking and 
maintaining voltages diminish as the frequency of 
the electrical field is increased from the order of 
10° to the order of 10° cycles?-®, At the same 


time the minima of V (p)and Vo (p) curves (showing 
striking and maintaining voltages vs. gas pressure) 
are displaced into the bw pressure region. 

Study of high-frequency discharge in hydrogen has 
shown that minimum striking voltage occurs at a 
frequency of 4 x 10° cycles, above which striking 
voltage again increases with increased frequency. 
This frequency will be referred to as the critical 
frequency. Aside from the frequency of the electri- 
cal field, the striking and maintaining voltages in 
high-frequency discharges are significantly af- 
fected by the geometry of the discharge space®’’. 

In the literature there is a dearth of data on re- 
search in high-frequency discharge at frequencies 
above the critical. The present study comprises 
an experimental investigation of striking and main- 
taining voltages as a function of gas pressure under 
conditions of several different discharge space 


1M. A. Herlin and S. C. Brown, Phys. Rev. 74, 291, 
910, 1650 (1948). 


2 A. D. MacDonald and S. C. Brown, Phys. Rev. 75,411, 
1324 (1949), 76, 1634(1949). 


3 F. Kirchner, Ann. der Physik 77, 287(1 925). 
4 L. Rohde, Ann. der Physik 12, 569 (1932). 
5 J. Thomson, Phil. Mag. 23, 1 (1937). 

© M. Chenot, Ann, der Physik 3, 277(1948). 
7S. Githens Jr., Phys. Rev. 57, 822(1940). 
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geometries and boundary conditions in a frequency 
region above the critical frequency. 


APPARATUS AND METHODS 
OF MEASUREMENT 


High-frequency fields were obtained with the use 
of tuned-grid tuned-cathode push-pull oscillators 
over a frequency range from 54 to 750 mc. 

A diode voltmeter was used for high-frequency volt- 
age measurements. Calibration and checking of 
diode voltmeter for resonances were conducted with 


the aid of a dielectric voltmeter developed in the 
laboratory. The diode voltmeter permitted high- 


frequency voltage measurements with a relative 
error not over ] 0-1] 2 percent at 750 mc. Field fre- 
quency was measured with a two-conductor line as 
well as with a resonant wave-meter. 

In conducting the experiments special attention 
was paid to shielding all elements of electrical 
circuits, to cleanness of electrodes and discharge 
tubes, and to oscillator stability. 

For the basic measurements, four types of tubes 
(A,B,C,D) were used, as shown in Fig. 1. In the 
type A tube, plane electrodes of electrolytic nickel, 
30 mm in diameter, were used. The operating 
surfaces of the electrodes were thoroughly polished. 
The edges of the electrodes were rounded off to 
eliminate edge effects. Inorder that the discharge 
not extend outside the discharge space, the leads 
and the back areas of electrodes were covered with 
glass insulation. One of the electrodes in the tube 
was niovable. The internal diameter of the tube was 
40 mm, and its length was 80 mm. 

In the type B tube the electrodes were similar to 
those of type A but were covered with a thin layer 


of glass (0.2 to 0.3 mm). The internal diameter of 


HIGH FREQUENCY DISCHARGE 15 


Fic. 1. Types of experimental discharge tubes. 


the tube B was 40 mm, its length 50 mm. 

Type C tube was a cylindrical glass tube with 
parallel plane ends. Electrodes consisting of thin 
sheet nickel discs were tightly soldered to the in- 
side of these tube ends. The diameter of these 
electrodes was equal to the inside diameter of the 
tube. The high-frequency voltage could be applied 
to this type of tube either through these internal 
nickel electrodes or through external electrodes 
consisting of round discs tightly bound to the 
parallel plane tube ends. 

Type D tubes (26 and 35 mm in dianeter and 30 mm Icng) 
were cylindrical tubes with parallel plane ends. The external 
electrodes were round discs of copper sheet tight- 
ly bound to the plane tube ends from the outside. 
The voltage indicated just prior to striking was 
taken as the striking voltage of the high-frequency 
discharge. The maintaining voltage of the high- 
frequency discharge was considered the minimum 
voltage indicated just prior to extinguishing of the 
discharge. 


RESULTS OF EXPERIMENTS 


To determine the effect of the size as well as the 
boundary conditions of the discharge space, and, 
in particular, to find the effect of electrode mate- 
rial on striking and maintaining of a high-frequency 
discharge, the striking and maintaining voltages 
were studied in neon in type A and B tubes, at a 
frequency of 158 mc, and with different electrode 
spacings (L=20 and 5 mm), 

Figures 2 and 3 curves show striking voltages 
( solid lines ) and maintaining voltages ( dotted 
lines for L=20 and 5 mm) vs.gas pressure forclean 
metal electrodes ( Fig. 2 ), and for glass-covered 
electrodes ( Fig. 3 ), On these curves the abs- 
cissa shows the gas pressure in mm of mercury ,and 
the ordinate shows striking and maintaining volt- 
ages. In all curves the voltages shown are peak 
values. 


peak volts. 
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Fic. 2. Striking and maintaining voltages vs. 
pressure in neon with different electrode spac- 
ings using clean nickel electrodes. 158 mc. 


O L=20mm 
x L=l0 mm 
A L=5mm 


peak volts 
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Fc. 3. Striking and maintaining voltages vs. pres- 
sure in neon for glass-covered nicke] electrodes. 
O--L=20mm, X-L=10mm, \A-L=5 mm, =158mc 


The curves of Figs. 2 and 3 show that an increase 
in electrode spacing is accompanied by an in- 
crease in striking and maintaining voltages, and 
that curve shape is similar to the striking charac- 
teristic for a d-c discharge. However, the curves 
show that under the present conditions Paschen’s 
law is not obeyed, a conclusion also reached on the 
basis of theoretical considerations. 

The left ends of the curves showing the relation 
between striking voltage and pressure,V (p), for 


8 H. Margenau, Phys. Rev. 73, 297, 326(1948), 74, 
706(1948). H.Margenau and L. M. Hartman, Phys. Rev. 
73, 309(1948). L. M. Hartman, Phys. Rev. 73, 31 6(1948). 
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electrode spacing L=5 mm pass through a tgs 
region considerably higher than the left ends of 

Ee (p) curves for L=20 and 10 mm. In the low 
pressure region the shape of V (p)curves differs 
for nickel electrodes and for glass-covered elec- 
trodes. The left ends of curves for glass-covered 
electrodes are steeper and pass through consider- 
ably lower pressure regions than those for nickel 
electrodes. 

To ascertain the effeci of discharge tube dia- 
meter on striking and maintaining of high-frequency 
discharge, measurements were conducted in neon 
at 158 me field frequency in type D tubes (Fig. 1) 


26 and 35 mm in diameter. Figure 4 shows curves 


peak volts 
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Fic. 4. Striking and maintaining voltages 
vs. pressure in neon for tubes of different 
diameters, O--d = 26mm; X --d=35mm; 
v=158mc. 


of striking and maintainin voltages vs. gas pres- 
sures, V .(p) and VAGietse these two tubes. Ex- 
perimental points for the smaller discharge tube are 
indicated by circles and for the larger tube by x’s. 
Dotted lines indicate maintaining voltages. 

Curves of Fig. 4 show that for equal gas pressures, 
the striking and maintaining voltages in the smaller 
tube are higher than in the larger tube. 

A certain modification of striking and maintaining 
conditions was obtained as a result of simultaneous 
application of a d-c field and a high-frequency field to 
the discharge space. Measurements were made of strik- 
ing and maintaining Voltages of high-frequency discharge 
in argon with a field frequency of 500 mc in type C dis- 
charge tube (Fig.1). High-frequency voltage was applied 


to the external electrodes, which consisted of 


round discs tightly pressed to the plane ends of the 
discharge tube, and the d-c voltage was appled to 
the internal electrodes. Ay 

Figure 5 shows the results of measuring striking 
and maintaining voltages of high-fre que ncy discharge 
as a function of gas pressure, with a d-c field of 0, 
50 and 100 volts applied simultaneously to the dis- 
charge space. The V ,(p) curves are shown as solid 
lines and the V’,(p)are dotted. 
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Fic. 5. Striking and maintaining voltages 

of high-frequency discharge vs. pressure 

in argon with simultaneous application of 

a d-c field. o-v=o, x-v=50v, A-v=100v; v=500me 


Figure 5 curves show that with a simultaneous 
application of a d-c field to the discharge space, 
V .(p)and V \(p)icurves display considerably higher 
voltages than in the absence of the d-c field (curves 
when v=Q). The effect of more difficult striking of 
high-frequency discharge in the presence of simul- 
taneously applied d-c field is clearly evident. This 
effect, as the curves show, considerably increases 
the striking and maintaining voltages, and the higher 
the d-c voltage, the higher the striking and main- 
taining voltages of the high-frequency discharge. 

To clarify the character of V , () and V__(p) 
curves as functions of field frequency, investiga- 
tion of striking and maintaining voltages was car- 
ried out in hydrogen and argon with field fre quen- 
cies of 57.7, 78.9, 136, 167, and 500 mc ina 
type D discharge tube (Fig. 1), 30 mm long and 35 
mm in diameter. Figure 6 shows the relation be- 
tween striking and maintaining voltages ( the latter 


dotted) and pressure in hydrogen for the above field 


frequencies. In order not to make the drawing too 
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complicated, curves for V (p)are shown only for 
the extreme frequencies of 57.7 and 500 me. For 
intermediate frequencies, the V (p) curves lie be- 
tween the 57.7 and 500 mc curves. These curves 
show that in raising the field fre quency from 57.7 


SSS 


peak volts 


to 500 me the striking and maintaining voltages 
increase. The minima of the V (p )curves are dis- 
placed into the high-pressure region as the fre- 
quency increases. For hydrogen, the V (p )curves 
are practically identical for frequencies of 57.7 and 


G fH 6 #6 


Fic. 6. Striking and maintaining voltages 
vs. pressure in hydrogen for several field 
frequencies. +-v=57.7 mc; 0-v=78.9 mc; 
x-v=136 mc A-v=167 mc; @ -v=500 me. 


79.9 mc, i.e., in changing the field frequency from 
57.7 to 79.9 mc, the striking voltages undergo 
practically no change. 

Thus, in investigating striking and maintaining 
voltages in hydrogen a region of critical frequen- 
cies has been determined (57.7 to 79.9) mc). For 
argon a similar critical frequency region must obtain 
at lower frequencies. 


DISCUSSION OF EXPERI- 
MENTAL RESULTS 


The experimental results obtained can be ex- 
plained in the following fashion on the basis of 
the initial assumptions of the diffusion theory of 
high-frequency discharge.’’* In the high pressure 
region the cause of the increase in striking and 
maintaining voltages with increase in gas pressure 
is the same as for d-c discharge. As the pressure 
is increased, the mean free path of the electron, 
as well as the energy of the electron on this path, 
are decreased. In order that the electron receive 
from the field the energy required for ionizing a gas 
molecule, higher and higher voltages must be ap- 
plied to the electrodes as the pressure is increased 
At high pressures, diffusion of electrons to the 
electrodes and to the walls of the tube is insignifi- 


Cant. 
At low pressures the main factor which deter- 


mines the striking and maintaining voltages is the 
departure of electrons from the discharge space 


to the electrodes and tube walls as a result of 
diffusion, and not the incréase in electron energy 
along the free path. Therefore, at low pressures 

it is necessary to increase the voltage on the elec- 
trodes to replace the increasing depletion of elec- 
trons due to diffusion. The minima of V (p) curves 
correspond to optimum conditions for starting the 
high-frequency discharge. 

With decreased spacing between electrodes, on 
the one hand the high-frequency field intensity is 
increased, and therefore the energy which elec- 
trons acquire along the free path is increased, 
which in turn leads to increased gas ionization; 
on the other hand, with decreased spacing between 
electrodes loss of electrons takes place due to 
diffusion to the electrodes. With large electrode 
spacing and high gas pressure the fundamental part 
in striking and maintaining voltages is played by 
the first factor--the high-frequency field intensity; 
with small spacing and low pressure the other fac- 
tor begins to play the fundamental role, i. e., loss 
of electrons by diffusion. 

The curves in Figs. 2 and 3 show that striking 
voltages at 20 mm spacing are considerably higher 
than at 10 and5 mm. ‘These curves also show 
that for 5 mm electrode spacing the left ends of 
V ,(p) curves pass through a region of consider- 
ably higher pressures than the left ends of curves 
for 20 and 10 mm spacing. The displacement of 


left ends of V, (p) curves at 5 mm into the region 
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of higher pressures is caused by high electron losses 
due to diffusion to the electrodes. 

With glass-covered electrodes (Fig. 3) the left 
ends of V, (p) and V ,{p) curves are consider- 
ably displaced in the direction of low pressures as 
compared to similar curves for nickel electrodes 
shown in Fig. 2. This displacement of x (p) and 
V , (p) curves in the direction of low pressures is 
due to the lower electron losses with glass-covered 
electrodes. Accordingly, the balance of charged 
particles resulting from ionization and diffusion in 
the case of glass-covered electrodes takes place 
at lower pressures than in the case of nickel 
electrodes. 

In a d-c discharge, because of secondary proc- 
esses affecting the electrode material, the latter 
plays an important part in the very mechanism of 
the starting and development of the discharge. 
The role of electrodes in high-frequency discharge 
fundamentally comes down to the conditions of 
maintaining a balance of charged particles in the 
discharge space. 

The curves in Fig. 4 show that striking and 
maintaining voltages are affected not only by 
boundary conditions near the electrodes, but also 
by conditions at the walls of the discharge tube. 
In the small tube, under otherwise identical con- 
ditions, more electrons leave the discharge space 
due to bi-polar diffusion to the walls of the dis- 
charge tube. Therefore, for initiating and maintain- 
ing high-frequency discharge in a narrow tube, un- 
der otherwise identical conditions, considerably 


higher electrode voltage is required than for a 
wide tube. 

In the presence of only an a-c field, loss of elec- 
trons in the discharge space is fundamentally de- 
termined by diffusion to the electrodes as well as 
by bi-polar diffusion to the walls of the discharge 
tube. In the simultaneous presence of high-frequency 
and d-c fields, electron loss from the discharge 
space also increases as a result of withdrawal of 
electrons to the electrodes caused by the d-c field. 
Accordingly, in the presence of a d-c field consider 
ably higher electrode voltage is required for initia- 
ting and maintaining high-frequency discharge, as 
has already been shown in reference 10. Thus, the 
boundary conditions of the discharge space sub- 
stantially affect the striking and maintaining Voltages 
of high-frequency discharge. 

The increase of striking and maintaining voltages 
with an increase in frequency (at frequencies higher 
than critical) is explained fundamentally by the 
decrease of average energy received by electrons 
from the field at high frequencies.? 

In conclusion, the author takes this opportunity 
to express his gratitude to Prof. N. A. Kaptsov for 
suggesting the subject matter and for his constant 
interest in the work. 
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Results are presented of the investi 


gations of magnetic spectra of NiZn ferrites with 


initial permeabilities 4.~200, 400, and 2000 gauss/oersted in the range of 0.2-60 megacycles/ 


sec. An examination is made of the method 
sible inaccuracies in the results. 

netization, in a state of residual m 
izing field. It is shown that the s 
acter, are practically inde 
dispersion of the ferroma 


of measuring the spectra and of eliminating pos- 
Samples have been studied in the state of complete demag- 
agnetization, and at various values of a constant magnet- 
pectra of ferrites have a resonance or a relaxation char- 
pendent of core dimensions, and can be interpreted in terms of the 
gnetic substance which, for ferrites with LUg=2000 gauss/oersted, 


is apparently due principally to the inertia of the effective mass of the boundaries, and for 


ferrites with m 


a@~200 gauss/oersted is due to the precessional motion of the magnetization 


vector in the effective field of the anisotropy of the substance of the ferrite 


1 IN magnetic spectra* of continuous polycrystal- 
*line ferrites, at least five regions of dispersion 
have been recognized: a) the low-frequency region, 
characterized by an insignificant decrease in the 
permeability p in the range 0-0.2 mc.” b) the ‘‘in- 
fraradiofrequency’’ range characterized by a sharp 
resonance peak inf, at f~0.1 mc due to magneto- 
mechanical effects**; c) the radiofrequency range , 
characterized by a rapid falling off of the real com- 
ponent of the complex magnetic permeability of the 
ferrites, and by a clearly pronounced absorptionpeak 
in the range ~ 1-200 megacycles 7’>~'*; d) the 


~ According to Arkad’ev! the name magnetic spectrum 
is given in the general case to dispersion curves p, (f) 


and absorption curves j, (f) or dispersion curves p(f) 
and absorption curves p’ (f) where }., and fl, are the 
real and imaginary parts of the complex magnetic permea- 
bility of a ferromagnetic body (=p, IP): while p and p’ 
are the elastic and the viscous components of the com- 
plex magnetic permeability of a ferromagnetic substance 
L =-jp‘ ;here f is the frequency. 

1 V.K.Arkad’év. Collection of articles entitled 
Problems of ferromagnetism and magnetodynamics. Pub- 
lished by the Academy of Sciences of the USSR Moscow- 
Leningrad, 1946. 

2 R. Feldtkeller and O. Kolb, Z. angew. Physik. 4,448, 


(1952). é 
3 A, Weis, Electrotechnik 5, (1951). 


4 A4.A,Shvarts, Jour .Tech. Phys. (USSR) 3, 413(1953) - 


° D. Polder, Proc. Inst. Elec. Engrs. 2, 97, 246(1 950). 

ey a Fomenko, J. Exper. Theoret. Phys. USSR 21, 
1201(1951); 24, 365(1 953); 25, 107(1953). 

7D. Vent and E. Gorter, Collection of Articles 
entitled Problems in the technology of radiolocation 
IIL, Moscow 1, (1953) (Russian translation). 


H.P.J.Wijn, M.Gevers and C.M.van der Burgt, Revs. 
Mod. Phys. 25, 91, (1953). 
9 R.E.Alley and F.J.Schnether, J. Appl. Phys. 24, 
1524(1 953). | | 
10°} P. Blewett, M.H.Blewett and M.Plotkin, Rev. Sci. 
Instr. 24, 800(1 953). 
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ultrahigh-fre quency range, characterized by the 
phenomenon of natural ferromagnetic resonance, us- 
ually observed at frequencies of 10°-104 mc, which 
is due to the precession of the electron spin in the 
effective field of the anisotropy of the substance of 
the ferrite 13°14, e) the ‘‘ infrared’’ region. Accord- 
ing to calculations, since the ‘ ‘natural exchange 
resonance’’ in the field of exchange interaction has 
not yet been experimentally observed by anyone, 
this region should be characterized by a small res- 


onance change of the curves of dispersion and ab- 


sorption at frequencies ~10’me!*, The main de- 
crease in the permeabilities y and p, of ferrites is 
observed in the radiofrequency range, as a result of 
whichthe investigation of dispersion at radiofrequen- 
cies has the greatest practical significance. 

For a bicomplex medium, i.e., (according to 
Arkad’ev) for a medium with complex magnetic 
permeability and dielectric permittivity e' =«-jo ‘ 
the phenomena of radio-frequency dispersion and 
absorption are ascribed in the literature to the fol- 
lowing three causes: a) the dispersion of the 
ferrite substance, which may be due, in accordance 
with the theories of Landau and Lifshitz!®, and of 
Doring!? to the inertia of the effective mass of the 


13 4, Welch, P.Nicks,A.Fairweather and F.Roberts, 
Collection of articles entitled Ferromagnetic Resonance, 


IIL, Moscow(1 952), p. 154.(Russian translation ). 

14 © T Rado, Rev. Mod. Phys. 25, 81(1953). 

ss J. Kaplan and C. Kittel, Collection of articles 
entitled Problems of modern physics 6, 50(1954)(Russian 
translation). 

16 | Dp Landau and E.M.Lifshitz, Z. Physik Sovjet- 
union 8, 157(1935). 


17 y, Doring , Collection of articles entitled Ferro- 
magnetic Resonance IIL, Moscow(1 952) p.31 2(Russian 


translation). 
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boundaries, and according to Landau and Lifshitz! 


and Snoek!8 may be due to the precession of the 
magnetization vector in the effective field of the 
anisotropy of the substance of the ferrite; b) to the 
dispersion caused, in accordance with Ref. 12, by 
the specific structural peculiarities of the material; 
c) to the dispersion of the permeabilities of the 
body of the ferromagnetic, which is due to dimen- 
sional effects: a surface effect and a volume res- 
onance*, and which was first discovered in MnZn- 
ferrites by Brockman, Dowling, and Steneck*?. 

As has been noted by Polivanov?® the pheno - 
mena indicated above can,as aresult of super- 
position, lead to quite complicated dispersion 
curves which differ in their appearance from the 
simplest types of magnetic spectra dealt with in 
Arkadiev’s theory of magnetic viscous spectra. 

Investigations (which have been largely carried 
out by Rado and collaborators !4) using certain 
ferrites have shown that in the general case,under the 
condition that dimensional effects have been elim- 
inated, magnetic spectra of the ferrite substance 
in the ranges of radiofrequencies and ultra high 
frequencies have two pronounced dispersion reg- 
ions, one of which, the radio frequency one, is 
interpreted in terms of the inertia of the effective 
mass of the boundaries, and the other one, the ultra 
high frequency one, in terms of gyromagnetic res- 
onance. Moreover, as a result of investigations by 
a number of authors®’!4 the existence of another, 
more numerous group of ferrites has been discovered, 
to which in particular, the NiZn-ferrites are foundto 
belong, the magnetic spectra of which show a single 
pronounced dispersion region within the range of 
radio and ultra high frequencies. This region has 
been interpreted by the majority of investigators5.7 
8, 11,18 from the point of view of rotational pro- 
cesses. 

The study of radio frequency magnetic spectra of 
ferrites (with one exception”) has been carried out 


* The volume resonance arises when the wavelength 
penetrating into the core is close to twice the dimen- 
sions of its cross section; standing waves are set up in 
the core, as a result of which the values of the magnetic 
flux and of the scattered power increase2?, 


J. Snoek, Investigations in the field of new ferro- 
magnetic materials IIL, Moscow(1 949)p.162(Russian 
translation). 


19 
F’.G. Brockman , P.H.Dowling, and W.G.Steneck, 
Phys. Rev. 77, 85 (1950). 
20 K.M.Polivanov, Proceedings of M.E.I., 14, G.E.L., 
Moscow- Leningrad(1953), 
211, Rado, R. Wright, and V. Emerson. Collection of 
articles Ferromagnetic Resonance, IIL, Moscow, 1952, 
p. 284, (Russian translation), 
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for the state of complete demagnetization of the 
material. The object of the present work is the 
investigation of magnetic spectra of several types 
of NiZn ferrites in the demagnetized state, as well 
as in a State of residual magnetization, and also 
at various values of the intensity of the constant 
magnetizing field. 

2. Investigations were carried out using 
toroidal samples of Ni-Zn ferrite of the oxyfer 
types 0-2000-I, 0-400 and 0-2002 with an ambient 
temperature of 25°. The values of saturation in- 
tensity of magnetization /, , of the coercive force 
H ,, and of the initial permeability gp, are given in 
the table. By definition, ., was taken to be the 
high-frequency permeability of samples measured in 
very weak fields at a frequency of f=0.25 mc. 

By means of a high-frequency bridge, and also by 
means of Q-meters of types KV-1 and UK-1 the 


dependence of ¢ (f) anda’ (f) on f was measured 
for the various samples. For measurements made 
with the aid of the high-frequency bridge, the 
quantities « and a’ were calculated from the data 
on effective series impedances GS and Rep of an 
experimental condenser: 
Peony ee aR 

¢— jo’ = —,— (———. — , /—_ ],, 

RE I de aoe a) 
where S_ is the area of the ring of the side surface 
of the toroid which was coated with soft graphite 
and then metallized; f is the frequency in cycles/ 
sec, and b is the axial thickness of the toroid in 


centimeters. 

For samples 0-200 and 0-400 in the frequency 
range 0.15-60 mc, the permittivity « showed little 
dependence on the frequency (Fig. 1), while the 
permittivity 0’ was, as arule, much smaller than 
«. For samples of 0-2000-I, the frequency depend- 
ence of e anda’ is shown in Figure 2. 

The magnitudesof the permeabilities of ferrites 
at different frequencies were determined from the 
results of investigating the frequency dependence 
of the values of the effective inductance L_ and the 
effective resistance R,, of toroidal coils wound on 
the core being investigated. The measurements of 
the coil parameters were carried out by means of 
a high-frequency bridge. 


. 3. A simplified circuit diagram of the bridge 
1s given in Fig.3.The main idea of the method 
of measurement consisted of the following: For 
each frequency used, the bridge circuit was first 


"2 N.N.Shol'ts and K\A:Piskarev, Izv. A 
-N.oOnol'ts and K.A.Piskarev, . Akad. 
SSSR,Ser, Fiz. 16, 6 (1959), ieee a 
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Transformer— — — — 


Eines 


Fic. 3. Simplified circuit diagram 
of the high-frequency bridge. 


balanced by means of C. and Cy with Z, shorted 
out. After the coil to be measured had been con- 
nected to the terminals Zs the circuit was bal- 


Fic. 1. Frequency dependence of the 


eee permittivities € and g’ and of anced again, but this time by means of condensers 
the tangent of the phase angle due to Cpe and C,.The equations for th limi 
Pedsneets ; id Ung q for the preliminary (2) 
Balecae, osses tan O=0 /e€ for sample and final (3) balance are given below: 
tgo-G/e nis 
Ze /' Cy = Re Cie CO Reainh 2 
3 Gs — RCC, max 
: C, max/ts + Cy max @°CyLaR, — RC, ’ 
ef i ity H ae ee 
0" 25 
Pista EE ") 


4 AC, 
eer FT lO 


X =woly=— 
Ax x ® Oy nee a Ny) 


Consequently, the increment in the capacitance 
Cp is proportional to the value of R, and does not 
depend on the frequency; the increment in the capa- 
citance C, is a function of the quantity L, and o 
w* = ( Qnf)?. 

A block diagram of the measuring apparatus in 
which the high-frequency bridge was utilized is 
given in Fig. 4. The use of sensitive null indica- 
tors allowed the reduction, without a loss in the 


precision of measurement, of the high-frequency 
voltage supplying the bridge down to a value of 
0.1-0.5 v, which insured the possibility of measur- 
ing cores at very weak variable magnetic fields 
F H< 1 milli-oersted. The possibility of using sensi- 
Fic. 2. Frequency dependence of €,0 tive null indicators was in turn insured by suitable 
eis oT g a ee een , screening of the apparatus and by filtering its 

; supply circuits. For the measurement of the induct- 


tan 0/2). 
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ance L, the error in the measurement, as follows 
from equation (3), depends on the accuracy of deter- 
mining the frequency; therefore the frequencies of 
the generators supplying the bridge were controlled 
by means of a heterodyne wavemeter, which in turn 
was checked against a quartz calibrator. Results 


of measurements of special selected points of the 
curves p (f) and p ’ (f) were in addition checked 
by a comparison method. 


Fic. 4. Skeleton diagram of the measuring 
apparatus; /-high-frequency generators; 
2-heterodyne wavemeter; 3-quartz calibrator; 
4-high-frequency bridge; 5-null indicators which 
consist of superheterodyne receivers provided 
with input voltage dividers and output vacuum 
tube voltmeters with a maximum sensitivity 


with respect to the input high-frequency vol- 
tage of the order of lV; 6-shielding chamber; 
7-high-frequency interference-suppressing fil- 
ter connected into the 50 cycle mains supply- 
ing power to the installation. 


The total experimental error in the main part of 
the frequency range investigated is estimated to be 
less thant6%. The influence of accidental error 
in the course of measurement was excluded by tak- 
ing each measurement at least three times. With 
the same end in view, a large number (50-100) of 
experimental points were taken within the fre- 
quency range, and only a part of them is shown 
on the graphs. 

When spectra of ferrite samples in a magnetized 
state were being obtained, the direct current which 
magnetized the core was introduced into the toroid- 
al winding through special separating chokes char- 
acterized by low self-capacitance. Moreover, the 
choice of the number of turns of the toroidal wind- 
ing,and the choice of the type of the separating 
choke, was made in such a way that, in control 
experiments without the magnetizing current, the 
influence of the introduction of the separatingchokes 
on the results of measurement was quite negligible. 
In addition to the method described above, measure- 


ments were made in which the separating choke was 
replaced by a second ferrite toroid which carried a 
winding identical with the winding of the first 
toroid. The toroids were chosen in such a way that 
their magnetic spectra in the demagnetized state 
would be the same. In this case the magnetic 
spectrum of the samples was determined as a cer- 
tain mean spectrum--from the results of measuring 
the effective inductances and resistance of the 
toroid windings connected in parallel (through a 

1 mfd. blocking condenser). 


4. During the investigation of magnetic spectra, 
the toroidal cores of Ni-Zn ferrites were placed 
inside electrical (open-circuited) screens made from 
soft aluminum foil of 0.08 mm thickness, which 
were then covered by winding them with insulating 
tape made of styroflex, the total thickness of the 
insulating layer being 1-1.5mm. The cores which 
had been screened and insulated in this manner 
were then wound with a single layer of windings 
which had small thicknesses, and which, insofar as 
it was possible, were uniformly distributed along 
the whole length of the core. In order to compare 
results, additional measurements were made with 
identical windings wound without the preliminary 
introduction of a screen either directly on the core, 
or on the core with an insulating layer. 

The main idea in using electric screening con- 
sisted first of all in the simplicity of determining 
in this case the distributed capacity**C | of the 
windings, and second, in eliminating the uncertain- 
ty in that part of the losses which must be ascribed 
to the capacitative branch of the coil in the case 
of an unscreened core, when the influence of 
dielectric losses in the latter is unavoidable (but 
which, however, turned out to be insignificant). 

In the case of an unscreened core and with a 
small number of turns in the winding, the estimate 
of the value of C, was carried out in an indirect 
way; for this purpose X, and R_ were measured 
over the frequency range for coils wound on the 
same ferrite core both with and without screens. 
The thicknesses of the insulating layers between 
the winding and the screen were so chosen, that 
measurements of X, and R_ of coils with unscreened 
and screened cores would give, in the fre quency 
range in question, approximately the same results, 


** C was determined by a graphical method by means 


of plotting the experimental points, obtained with the aid 
of Q-meters, for the dependence of C= $(1/f* with a 
subsequent extrapolation of the straight lines so ob- 
tained until they intersect the capacitance axis. During 
measurements, the ferrite toroid was replaced by a poly- 
styrol one with identical screening, insulation, and 
winding. 
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which allowed one to consider the values of C 

for both types of coil to be the same. For oe 
witha large number of turns, the values of C were 
measured in the region p=const, and in this case, 


therefore,the cores were not replaced by polystyrol 
ones. 


Windings with different numbers of turns were 
used. Each of the experimental points obtained 
for one winding was duplicated by a measurement on 
the other winding. The number of turns on the 
windings was so chosen that their resonance fre- 
quencies would be considerably higher than the 
frequency at which measurements were made, but 
that the reading of condenser C, would not lie at 
the beginning of its scale. Moreover, at high 
frequencies, measurements were made with the 
aid of a shorted section of coaxial line into which 
the toroid under investigation was placed. 

5. The values of Land R, obtained as a result 
of such measurements were recalculated to the true 
values ** of L and R by means of the following 


formulas which take into account the influence of 


the capacitance Eo and the parasitic capacitance 
C' of the measuring circuit, with C'=C) + Cy’: 


is == G ples, R = Iphx, (4) 


where 
ee See 1 
1 CE ers Ge IR- Tet Ee 


ee pee ys 


eee Cc). 


In order to reduce the recalculation to the true 
values of L and R according to Eq (4) the graph 
shown in Fig. 5 was constructed. 

The values of R. and L, were obtained from 
L and R. These new values depend only on the 
properties of the cores used. The quantity R, 
was found by measuring the actual resistance 
R,, of windings wound on a polystyrol toroid of 
dimensions identical with the ferrite core, an 
then taking the difference R, =R-R,,. The value 
df L__ was determined by taking into account the 
corrections for leakage flux, which were estimated 
by means of measurements (these being significant 
only for low values of p< 100 gauss/oersted. The 
permeabilities p, and p, of the body of the core 
were computed with the aid of typical formulas 


(cf., for example, Eqs. (1) and (2) of Ref. 6 or 


a i ircui il is referred to 
The equivalent circuit of the coil is} 2 
here in which R has been ascribed to the inductive branch. 


page 183 of Ref. 23). 


q, : Gp 
Z * 


Fic. 5. dependence of the coefficients 7 


Landqr 
on the quantities 6 and € :qg; =curves 1—9; 

dp =curves 10-14; € has the values: 1=1.0; 2=0.8; 
3=0.6; 40.5; 5=0.4; 6=0.3; 7=0.2; 8=0.1; 9=0; 

1 0=2.0; 11=3.0; 12=4.0; 13=0. 14=1.0. 


6, The subsequent transition from the quantities 
p., and py to the values directly of interest to us 
of the elastic (non-dissipative) permeability » and 
the viscous(dissipative) permeability p’ of the 
substance of the ferrite can be carried out for a. 
given € and a’ by means of eliminating (by calcula- 
tion) the effect on the permeability of the surface 
effect and of the volume resonance in the ferro- 
magnetic substance. In particular, the solution 
of this problem makes possible the method of 
two experiments which was suggested by Polivanov 
According to Polivanov?°, the condition for the 
ocurrence of volume resonance in a bicomplex 
inedium can be written in the following form: 


24 


Re (jop’ Hoy — @78”€ otto) (4b) 


= — (m*/ a? + 07/6?) =, 


where m, n are odd integers which determine the 
order of the resonance; a,b are the sides of the 
cross section of the core; €9 fy=c"?=(3.1 Oey? 
(cm/sec) }; y is the conductivity of the material of 
the core. 


” L.I.Rabkin and N.N.Shol’ts, Magnetodielectrics and 


ferro-coils, GEI, Moscow-Leningrad, (1 948). 
es K.M.Polivanov, Elektrichestvo 3, 19(1 954). 
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Assuming that the dielectric losses in ferrites at 
high frequencies considerably exceed losses due to 
conductivity currents, we shall rewrite the given 
expression for the resonance of the first order 
(m=n=l) in the case of a core of square cross sec- 
tionla=b inthe form Re @-0- esibs /c? ) =-27?/a? 
or,taking the real part of the left hand term, we get 


a= he / V2 (fu — ap"), (5) 


where A, is the wavelength of electromagneticwaves 
in vacuo. Consequently, if 


he > aV 2 (sp —o'p') = aV 2p, (6) 


then volume resonance cannot occur in the ferrite 
core. 

The influence of the surface effect is described 
by the expression for the equivalent penetration 


depth bp for the electromagnetic field into a bi- 
complex medium (cf. Eqs. (89)-(93) of Ref. 1) 


On = (43/7) [2 (|p [fe] — pe + p’a’)] 2, (7) 
Under the condition that Og> 4@, i.e., 


he D> ar [2 (1p! |e! | — ve + o’o"))” (8) 
= an (2\p" |e"), 
the surface effect will not be present in the ferrite 
core. 
Calculations show that inequalities (6) and (8) 
are fully satisfied for ferrites 0-200 and 0-400, and 
are approximately satisfied for 0-2000-I. There- 


fore, for the whole frequency range we assume that 
approximately* 


Hy = Hs Hy =P > (9) 


7. Results of the investigation of frequency de- 
pendence of the permeabilities and p’ of sam- 
ples of NiZn-ferrites are shown in the graphs of 
Figs. 6-11. An examination of curves 1 of Figs. 
6-11 of the completely demagnetized state-of the 
ferrite samples shows that the dependence p (f) of 


* A certain indeterminacy is introduced into this con- 
clusion only by the possible dependence of € and a’ on the 
intensity of the electric field, which will be different 


when electric and when magnetic measurements are made. 


However, measurements of € and g’ at various electric 
field intensities did not demonstrate any noticeable 
change in them. 
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FiIc.6. Magnetic spectra of sample 2 of 0-200: 1-totally 
demagnetized state of the substance; 2-state of residual 
magnetization? 3-values of tan A calculated by formula 
(13) for the totally demagnetized state of the sample. 


0-200 and 0-2000-I has a relaxation character, 

while that of 0-400 has a resonance character, which 
does not depend on any accidental factors such as? 
choice of the number of turns of the winding (Fig. 
12a, b,c), or volume resonance whose frequency 
(according to Ref. 20) should have become displaced 
when the sides of the toroidal core are metallized, 
an event which was not observed (Fig. 12d) in our 
case. From a comparison of the curves 1] of the 
above graphs it follows, moreover, that for samples 
of NiZn-ferrite of the same composition and of the 
same technology of manufacture, the magnetic spec- 
tra differ but little from sample to sample. In 
particular, this conclusion is supported also by the 
investigation of spectra of samples 4 and 5 of 
0-400, whose dimensions are significantly larger 
than those of samples 3 and 7 (Figs. 9 and 11), and 
of sample 8 of 0-2000-I whose p (f) and p' (f) 
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curves are close to curves 1 of Figs. 7 and 10 in 
spite of a noticeable difference in their dielectric 


iga 
50 


10 


Fic. 7. Magnetic spectra of sample 9 of 0-2000-I(the 
labels are the same as in Fig. 6.) 


permittivities (Fig. 2); apparently these data once 
again point tothe independence from dimensional 
(volume resonance and surface effect) effects of 
the dispersion p and absorption p ’ observed by us. 
The independence of the observed dispersion of 
the permeability of the material of the ferrite from 
the surface effect follows, moreover, from the _ 
measurements on the spectra of sample 7 of Fig.11, 
which was hand ground with abrasives in order to 
avoid any appreciable heating in the course of 
grinding. The ground sample had, in comparison 
with the whole sample of lower p, , a higher f, 
(in contrast to the data of Ref. 9), whose shift is 
approximately given by Eq. 10, a flatter maximum 
in the curve p’ (f) , a larger slope of the curve .(f), 
and also a smaller value p’ max =0.39 p, , as 
against p‘ max = 0.43 Bo for the whole sample, 
which points to the broadening of the band of fre- 
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quencies of relaxation and of resonance for samples 
of smaller axial thickness. The observed char- 
acter of dependence of f, on the thickness of the 
sample most likely is a consequence of its macro- 
scopic inhomogeneity, as the character of the shape 
of the curves p' (f) of the ground and of the whole 
samples in the region of high frequencies excludes 
the possibility of explaining the appearance of the 
dispersion curves through a surface effect. However, 
the possibility is not excluded that the effective 
anisotropy constant is altered in the course of 
grinding, because of the increase in the demagnet- 
izing factor of the body of the toroid, and also 
because of the change in the dimensions d of ferro- 
magnetic regions ee (page 257) which may lead to 

a change in the frequency le 


p (6/0e) 


Fic. 8. Magnetic spectra of sample 1 
of 0-200 for different values of the in- 


tensity of the constant magnetizing 
field: 1-H=0; 2-H=4 oersteds. 


8. The values of the frequencies of absorption 
maxima 2 of the ferrites investigated, which 


are approximately (up to a factor of the order of 
two, since in the case of relaxation spectra the 


damping is apparently close to critical) equal 
to the average resonance frequencies of their ma- 
terial, are given by the espression 


ee GaN); (10) 
where C is a certain constant of the material of 

the ferrite (see table), which is approximately . 
equal to the gyromagnetic ratio of the electronspin, 


C=ge/2mc ~e/me =1 7.6 mc/oersted. 
The theoretical basis for Eq. (10) may be found: 


fe S.V.Vonsovskii, Modern theory cf magnetism 
GITTL,Moscow-Leningrad, 1952. 
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a) in the case of the predominance of the process) 
of rotation in the theory of Landau and Lifshitz 
and of Snoek?® with Eq. (11) arising from it; 

b) in the case of the predominance of displacement 
processes in the theory of Landau and Lifshitz’® 
and of Doering }? with Eq. (12) arising from it for 
90° boundaries; c) in the case of the approximate 
equality of the weighting factors for the processes 
of displacement and of rotation, in the approximate 


equality of the resonance gata of the 
material of the ferrite due to both types of pro- 


cesses of magnetization 


(11) 


2 1 
= 1G ee a po 


fo rot 4nmc 


4 


3. Imeup ean? 
“a rot I 


be (ge /2mc) Ve/dihe/(v, iene DI (12) 


Here H, is the internal effective magnetic field due 
to the pute uOrr of the material of the ferrite, 
H, =2k/I 3h is the anisotropy constant; ,,, 1s the 


initial permeability due to rotation; (1 ~Al?/k; 
8/d is the ratio of the effective thickness of the 
boundary layer to the size of the ferromagnetic 
domain; phenomenologically, based on the experi- 
mental data of Ref. 14 one can assume that 
8/d~1/(u, aie-l)s Ha aigiS the inital permeability 
due to displacement; g is the Landé spectroscopic 
splitting factor which, at room temperature and 
popneine on the composition of the NiZn-ferrite, 
may vary*°?®within a range not greater than from 
1.93 (Zn-ferrite) to 2.36(Ni-ferrite) and which con- 
sequently can be approximated by g=2.*** 

9. Examination of graphs 6 and 7 shows that 
the nature of the curves of p(f) and p' (f) is also 
preserved in the state of residual magnetization. 

It is known both from theory®° and from experi- 


*** In particular, taking into account the data of Ref. 
29 and the fact that in the determination of the g-factor 
the influence of H; was not taken into account in Refs. 
26-28. 


26 4.G.Beljers and D.Polder,Nature 165,800 (1950). 
27 T Okamura and Y.Torizuka , Collection of articles 


entitled Problems of Modern Physics 5,182 IIL,Moscow 
(1952). 


28 & I.Kondorskii and N.A.Smolkov, Doklady Akad. 
Nauk USSR 93, 237 (1953). 
T. Okamura, Y. Torizuka and Y. Kojima, Phys. 
Rev. 88, 1425 (1952). 


30 S_V.Vonsovskii and Ia. S.Shur, Ferromagnetism, 
State Technical Publishing House, Moscow-Leningrad, 
1948. 


ment2? that in ferrites for which I,/I ~(0.5, if the 
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Fic. 9. Magnetic spectra of sample 3 of 0-400 


for various values of the constant magnetizing 
field: 1-H=0; 2-H=1.8; 3-H=4.5 oersteds. 


complex permeability p‘=-jp' is determined ex- 
clusively by processes of rotation of the magnetiza- 
tion vector, then the value Le R=ER-IPR in a state 


of residual magnetization must be equal to the value 
of zp’ in the demagnetized state; however, if p' 
is determined primarily by the displacement of 
boundaries, then 1, must be considerably lower 
thany’ in the demagnetized state. 

In the case of 0-2000-I the value of the ratio 
HR/Hg=0.72, and (pp/p' er =0.5. As the fre- 
quency is increased, the curves of p (f) for both 
states of the substance of the ferromagnetic ap- 


proach one another rapidly and coalesce at the 
frequency f=3 mc. At frequencies of 10 to 30 mc, 


a certain increase of jp above py is observed which 
would not be shown on the scale of our graph. The 
curves for p' (f) coalesce at f=15 mc and beyond 
that are practically identical. In the case of 


0-200, pap /u,=0.96,(p p/p’) y=y.,=0-85 and the 


spectra of both states of the ferrite substance dif- 
fer little from one another. 
If the coming together of the curves of pw’ and p' 


is taken as evidence of the gradual growth with 
frequency of the relative importance of rotation 
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processes, then one may suppose that in 0-200-I 
in very weak fields, magnetization by means of 


rotation processes takes place only starting at a 
frequency f~10 me and that consequently the radio- 
frequency dispersion at lower frequencies must be 
described according to Doring, by Eq. (12) 
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Fic. 10. Magnetic spectra of sample 10 
of 0-2000-I for various values of the con- 
stant magnetizing field: 1-H=0; 2-H=0.1; 
3-H=0.2; 4-H=0.5:5-H=1 .5 oersteds. 


In 0-200, rotation processes are possibly the dom- 
inant factor which determines the character of the 
whole radiofrequency dispersion, which will be 
described, according to Snoek, by Eq. 11. Taking 
into account the fact that samples 0-2000-I and 
0-200 have approximately the same composition and 
differ from each other only in that the sintering 
temperature t is appreciably higher for the sample 

3 : ae ++ 
with the higher permeability, one may suppose 
that the relative importance of the processes of 
displacement in the ferrite increases with increas- 


+ D : 
* This assumption needs testing on a large number 
of samples of ferrite of the same composition sintered 
at different ¢ .. 
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Fic. 11. Magnetic spectra of sample 7 

for various axial thicknesses obtained by 
means of grinding it down; 1-6.98 mm(weight 
of sample 21.889 gm); 2-2.84 mm (weight of 
sample 9.155 gm). 
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Fic. 12. Dispersion curves of sample 6 of 
0-400 in the range 0.2 to 0.4 mc for various 
windings: a-3 turns of ribbon; 6-7 turns of 
wire; ¢-14 turns of wire; d-7 turns of wire; 
sides of core metallized. 


ing temperature t_. The theoretical basis for this 
hypothesis is the decrease in the porosity of the 
sample and in the values of internal strains which 
is observed as the sintering temperature is raised. 
The values of the tangents of the phase angles 
due to the losses tan A=p ' /p for ferrite samples 
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TABLE 
Data for toroidal cores which have been studied. 


TT 


p., in | Toroid dimesnsions in mm. 
RE ie A se ese | if GIN rex | cae 
No. of |gauss/| s M R, € oa externa] | internal] axial 
sample aL gauss peers gauss | mc ees ae diameter | diametet|thickness 
1 225 WAS |) ah As 80 19 20 ay) Mine 23,8 7,08 
2 234 140 | 1,4 80 20 2 4 Be Zorn LAOS 
3 360 YAO ORs) 96 17 13 38,09 24 6,96 
4 370 220 “= 96 16 1 13 OA, Uo 42,3 14,03 
5 434 210 a 100 19 16 OUO 34 11,34 
6 438 Z2O ORL 97 16 4 Bie}. 24 6,82 
7 443, 220 | 0,8 98 18 16 Bo DAZ, 6,98 
8 1680 200 | 0,1 98 _ we 9 SAG) 24,19 Hrilit 
9 1750 I I O51 96 — ,0 9 Bil 8) 24,009 6,96 
10 1880 200 | 0,1 98 -— 0) Oe Bid ow) 24,1 Os 


are shown in Figs. 6 and 7, from which it may be 
seen that the nature of the dependence of tan A(f ) 
on the frequency apparently varies but little with 

a variation in the value of the ratio (Ha rot )) 

(Ha aie7) for the ferrite. For a rough estimate of 
the value oftan A in the frequency range 0.01 


0.01 f, <f< fF, one can use°the expression 


ey (ee ls (13) 
which establishes the practically important con- 
nection between tan A and the fundamental para- 
meters of the ferrites. 

10. Examination of the graphs of Figs. 8,9 and 
10 shows that the nature of the spectrum is pre- 
served independent of the influence of the con- 
stant magnetizing field. The frequency f,, accord- 


ing to data®* on spectra of metallic ferromagnetics, 


is displaced into the region of higher frequencies 
as the intensity of this magnetizing field is in- 
creased, with the law given by expression (10) 
being approximately preserved. The preservation 
of this law has an essential practical significance 
since this makes it possible to estimate with the 
aid of formula (13) the order of magnitude of the 
values of tan A for the core in the frequency range 


S AS 
0.01 f= f=f,, for various values of the intensity 
of the magnetizing field. 


31 I.M.Kirko, B.O.Grosskaufman and L.D.Daube, 
Trudy Inst. Phys. Math. Acad. Sci. Latvian SSR 2, 9(1 950). 
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When water vapor acts on copper chloride films sublimed in vacuum and containing an ex- 
cess of copper their color vanishes. In the absorption spectrum the sharp maxima due to the 
excess copper at 3725 A°ahd 3780 A°® are replaced by a broad maximum at 3900 A°. Near 
2800 A a new maximum appears and disappears with time. It is shown that the absorption 
of the excess copper particles in the surface layers differs from the absorption of the copper 


particles in the interior layers of the crystal. 


OLOR of a yellow or brown tint of copper chlor- 

ide films sublimed in vacuum quickly fades when 
the films contact moist air. Caréfully dried air in 
no way affects the color of the films. In the pres- 
ent work the influence of water vapor on the absorp- 
tion spectrum of copper chloride films sublimed in 
vacuum and containing an excess of copper has 
been investigated. Use is made of the gradual 
change of the absorption spectrum upon the adsorp- 
tion of water vapor by the films to obtain a separa- 
tion of the absorption spectrum of the excess cop- 
per in the surface layers and the absorption spec- 
trum of the excess copper in the inner layers of the 
crystal. 

The films of copper chloride containing an excess 
of copper were obtained by sublimation in a vacu- 
um. The compounds used were either cuprous chlor 
ide or anhydrous cupric chloride. All experiments were 
carried out at constant temperature. In Fig. 1 the 
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change in the spectrum of one of the samples is 
shown in the region of the absorption band due to a 


29 


stoichiometric excess of copper. Curve 1 is the 
absorption of the film before the admission of 
water vapor. In the curve are the sharp maxima charac- 
teristic of the excess copper 3720 A (unresolved doub- 
let) and 3810 A’. The film is yellow. Curve 2 is the 
absorption 10 minutes after the admission of the water 
vapor. The film has faded. Curve 3 was obtained after 


the water vapor had acted 3 hours on the film,while curve 
4 was obtained after the water vapor had acted 50 


hours on the film. From the figure we see that the 
sharp maxima due to the excess copper gradually 
disappear and are replaced by a broad diffuse max- 
imum from 3880 to 3900 A . Upon removing the 
adsorbed water, by heating and pumping, the film 
again becomes yellow (dotted Curve 5). However 
the original absorption spectrum of the film is not 
reestablished. Upon proceeding still further, the 
broad maximum increases and is shifted toward the 
short wavelength side. The appearance of this 
broad maximum indicates a transition of the parti- 
cles of excess copper to newenergy states. This 
transition does not correspond to the transition 
of excess copper in the colloidal state because the 
absorption maximum of colloidal particles of copper 
is found in the visible region. 

The time for the complete disappearance of the 
characteristic absorption band of the excess copper 
particles under the action of water vapor on the 
film of copper chloride depends upon the structure 
and thickness of the film. 

In addition to the change of the characteristic 
band in the absorption spectrum of the film which 
is acted upon by water vapor, a new strong absorp- 
tion maximum appears from 2750 to 2800 A . In 
Fig. 2 is shown the absorption of one of the samples 
before the admission of water vapor (Curve 1) and 
10 minutes after the admission of water vapor into 
the reactionchamber (Curve 2). Upon the admission 
of water vapor the sharp intense maximum at 3730 A 
weakens, and there is a new maximum at 2800A. 
Curve 3 is the absorption spectrum 5 hours after the 
admission of the water vapor. Not only has the 
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absorption band of the excess copper disappeared 
but also the new maximum. The final absorption 
spectrum, as has already been noted above, consists 
of one diffuse band with a maximum at 3900 A . 
The water adsorbed by the surface layers is bound 
very loosely. A film whitened by the adsorption 

of water vapor becomes yellow again upon heating 
it up to 36 to 40°C. If the water which was sepa- 
rated by heating is not withdrawn upon cooling the 
film to room temperature, the film again whitens as 
aresult of the interaction with water vapor. The 
experiment can be repeated many times with similar 


changes in color of the film. 

Under the action of water vapor on the film of 
copper chloride the first change in the absorption 
spectrum is the disappearance of the absorption of 
the excess copper particles found in the surface 
layers and not in the interior of the crystal. In the 
first stages of this process the absorption band of 
the excess copper is observed merely to decrease 
in absorption. The newly formed maximum near 
3900 A appears only after the water vaporhas acted 
upon the film for a long time. The disappearance of 
the absorbing light centers in the surface layers of 
the salt crystals is caused by the penetration of the 
water molecules into the crystal and is not accom- 
panied by the formation of new surfaces, since the 
copper particles distributed within the crystal do 
not occupy levels characteristic of the surface 
layers. By making use of this situationit is possible 
to obtain separately spectra of the absorbing par- 
ticles of excess copper (atoms or ions) located in 
the surface layers and the spectrum of the absorb- 
ing particles found in the interior of the crystal. If 
the absorption curve obtained a short time after 
water vapor is admitted to the apparatus is sub- 
tracted from the initial absorption curve of a given 
sample, the resulting difference will give the absorp- 


P.N. KOKHANENKO 


tion spectrum of the copper particles of the sur- 
faces. If differences between the absorption curves 
obtained after more or less extended times of action 
of the water vapor a the film are taken they will 
be characteristic of the absorption spectrum of the 
particles of excess copper within the crystal. In 
Fig. 3 is an example of two difference curves per- 


Absorption in Arbitrary Units 


taining to the sainple whose absorption was given 
in Fig. 1. Curve 1 in Fig. 3 is the difference be- 
tween Curve 1 in Fig. 1 corresponding to the initial 
absorption of the sample and Curve 2 of the same 
sample which was obtained 10 minutes after the 
admission of the water vapor. The curve is a wide 
band with a diffuse shape on the short wavelength 
side and a maximum at 3620 to 3630 A . On the 
long wavelenth side of this band is an adjoining 
weak band at 3720 A’. Inthe case of other samples 
the difference curves have a similar form. In the 
difference curves of certain samples the band at 
3725 A is even less apparent than in Fig. 3. The 
position of the maximum of the wide band varies for 
different samples and lies between 3580 and 3630 A. 
The dotted Curve 2 of Fig. 3 was obtained by 
subtracting Curve 3 in Fig. 1, which corresponds to 
the absorption after the water vapor has acted on the 
film for 3 hours, from Curve 2 in this same figure. 
This curve is due to the absorption of the particles 
of excess copper found in the interior of the salt 
crystal and has the form of a narrow symmetric band, 
Judging by the form of similar difference bands we 
can conclude that the particles of excess copper 
(atoms or ions) located inside the crystal give a 
sharp narrow band in the absorption spectrum and 
particles located in the surface layers of the crys- 
tal give a wide band which is diffuse on the short 
wavelength side. It is interesting that in general 
the absorption spectra of vacuum sublimed films of 
the halogen series of salts with a stoichiometric 
excess of metal often have the form of either a 


ABSORPTION SPECTRUM 


single band that is diffuse on the short wavelength 
side or the form of a continuous absorption with a 
sharp long wavelength cutoff, the position of the 
long wave length band depends upon the excess 
metal.! This indicates that the surface layers play 


a significant role in the total absorption of sublimed 
films of salt. 


With regard to the strong absorption maximum at 
2800 A’ upon the adsorption of water, we can de- 
finitely say only that is is connected with the pres- 
ence of particles of excess copper in the surface 
layers of the salt crystal. This maximum is usually 
as intense as the intensity of the diffuse absorption 
on the short wavelength of the band of the excess 
copper at 3725 A in the original spectrum of the 
sample as is due to the copper particles located in 
the surface layers of the crystal. The disappearane 
of the maximum at 2800 A after a lengthy action 
of water vapor is connected with a general change 


1 D_N. Kokhanenko, J. Exper. Theoret. Phys. USSR 
26, 120(1954). 
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in the structure of the film which also brings about 
the replacement of the clear maximum of the excess 
copper at 3790 and 3725 A by a diffuse maximum 
at 3900 A . If a small amount of water vapor is ad- 
mitted to the reaction apparatus and the vapor inlet 
then closed, a maximum at 2800 A~ which appears 


remains longer. It is possible to believe that this 
maximum is connected with complex bonds of the 


copper. The tendency of the cations of heavymetals 
to associate with different anions is known. 

Because of the incomplete thermal dissociation 
upon heating, the sublimed films of copper chloride 
contain the impurity cupric chloride. Upon the ad- 
sorption of water vapor on these films the trans- 
formation to chlorine ions from hhe solution of 
cuprous chloride impurity is possible. The chlorine 
can transform to polyhalide complexes of various 
compounds with CuCl, CuCl, or ions of excess 
copper. 


Translated by F. P. Dickey 
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in a Naphthalene Crystal with Anthracene 
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(Submitted to JETP editor, September 4, 1954) 
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By means of apparatus calibrated in absolute units, the absolute energy yield of lumines- 
cence for y-scintillations induced in a naphthalene-anthracene crystal by Compton elec- 


trons was found to be 0.7 40.2%. 


1. INTRODUCTION 
| Ba question of the magnitude of the energy yield of 


luminescence under excitation by particles has essential 
theoretical and practical significance. Nevertheless, ex- 
perimental data on the fraction of the energy of a particle 
which is transformed into light energy of a scintillation 
are not yet sufficiently reliable. This question was a 
topic of discussion even at the time when scintillations 
under the action of a-particles were observed visually. 
Ril’, in a series of works (see, for example, Reference 
1) indicated very high values of energy yield 


(of the order of 80%) for scintillations in zinc 
sulphide. Timofeeva , in work carried out under 


the suggestion of S. I. Vavilov’, obtained very much 
lower values (1-2.5%). In the more recent works of 
Kallmann and co-workers’, carried out with the 

use of photo multipliers, a value of 25% was ob- 
tained.* 

Equally contradictory are the data on the energy 
yield of luminescence of organic crystals under the 
action of fast electrons. For anthracene, values of 
10%* 3.7%° and 1-2%° are indicated. The first two 
values refer to integral measurements, i.e., to 
measurements of the mean intensity under continu- 
ous excitation. The last refers to pulse measure- 
ments, i.e., of light energy realized in a short 
scintillation. The reason for the discrepancies 
between these values, however, apparently can not 


1Gayl. Born, Ho Ril’ and ko“@. ‘Taimmer Doki Abad. 
Nauk SSSR 59, 1 269 (1948). 


2T. V. Timofeeva , Izv. 
13,135 (1949). 

3], Broser, H. Kallmann and U. M. Martius, Z. Na- 
turforsch, 4a, 204(1 949). 

4M. Furst, H. Kallmann and B. Kramer, Phys. Rev. 
89,416 (1953). 

5J. B. Birks and M. E. Szendrei, Phys. Rev. 91, 
197(1 953). 

©J. I. Hopkins, Rev. Sci. Instr. 22, 29, (1951). 

* Note in proof: This question has been treated in an 
observation by Ril’ (N. Ril’ and G. Ortman, Zh. Obshch. 
Khim) 25, 1697 (1955). 


Akad. Nauk SSSR, Ser.Fiz. 


be ascribed to the difference in method, since it 
has been shown’ that the afterglow of anthracene 
for hard excitation is small. 


In a majority of the works, data on the energy 


yield are obtained under various more or less reliable 


assumptions about the spectral distribution of the 
luminescence energy and of the sensitivity of the 
photo multiplier (efficiency of the photocathode) 
and spectral distribution of sensitivity). In the 
present work, the task was set insofar as possible 
to avoid such arbitrary assumptions, and to find all 
the necessary quantities experimentally. 


2. METHODS OF THE MEASUREMENTS 


For the determination of the value of the absolute 
energy yield for scintillations induced by y-rays, it is 
necessary to: 1)measure the luthinous energy of a 
scintillation by means of an apparatus which was 
calibrated in absolute units, 2) compare the meas- 
ured scintillation with the amount of energy lost in 
the crystal by the fast electron which resulted upon 
absorption of the y-quantum. 

The apparatus which served to determine the 
energy of a scintillation, consisted of 1) a photo- 
metric sphere for utilization of all of the light 
which leaves the crystal, 2) a photomultiplier, 

3) a linear amplifier and 4) a discriminator, which 
analyzes the amplitude of the amplified pulses. 

In order that the reading of the discriminator 
(the amplitude of the output pulse) be proportional 
to the integral of the input pulse, the time constant 
of the input circuit of the amplifier was chosen of 
sufficient length in comparison with the duration of 
a scintillation. The amplifier was calibrated by 
means of short light pulses of known energies, 
expressed in terms of photocurrent of the phototube 
for steady illumination X the duration of a pulse. 


U 
J. A. Jackson, and F. B. Harri 
soca oe arrison, Phys. Rey. 
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The sensitivity of the photomultiplier was deter- 
ee eke a microamperes per watt of light 
photocathode. For this purpose, 
the photomultiplier was illuminated by a lamp with 
a known light intensity through a blue filter, selec- 
as chee this Source approximately reproduced 
nergy istribution in the luminescencespectrum. 
The identical nature of the conditions of light- 
utilization was assured in that the light from the 
lamp-standard was passed through an aperture into 
the photometric sphere and fell on its wall (which 
was covered with magnesium oxide). Under these 
very conditions, i.e., with the sphere, the curve 
of spectral sensitivity of the photomultiplier, need- 
ed for the introduction of a correction for the differ- 
ence in spectra of the crystal radiation and of the 
standard source, was measured. 

The conversion from photo-technological units 
to energy (units) can be accomplished, if one knows 
the energy distribution in the spectrum of the lamp, 
which is specified to sufficient accuracy by its 
color temperature, and the transmission of the filter. 

An exact comparison of the size of a y-scintil- 
lation with the energy lost by an electron presents 
certain difficulties. On absorption of y-rays in an 
organic crystal with relatively small density, the 
Compton effect plays the basic role. The energy 
distribution of the Compton electrons, which falls 
off on the side of large energies, can serve for a 
crude comparison of the magnitude of a scintillation 
with the specific energy lost by a particle. For 
this, one must determine the maximum momentum in 
the integral distribution curve. However, the mea- 
suemertof the magnitude of the maximum momentum 
is connected with some uncertainty, since the limit 
of the Compton distribution can be washed out by 
statistical fluctuations in the number of electrons 
ejected from the photocathode for a single scintil- 
lation. 

In the present work a coincidence method, 
borrowed from y-spectroscopy,® was used. The 
method consists in the observation of coincidences 
between pulses originated by Compton electrons and 
pulses from the scattered y-quanta. If an electron 
has energy close to the maximum, its momentum 1s 
directed approximately in the direction of the primary 
quantum, and the scattered quantum flies back at 
some angle 6 with respect to the direction of the 
primary quantum . For angles @ in the interval 
135-1 80°, the energy of the scattered quantum is 
close to “m,c* and depends weakly on 6. There- 
fore, if a collimated beam of yrays is directed on 
the investigated crystal ] (Fig.1) and an auxiliary 


8R. Hofstadter and J. A. McIntyre, Phys. Rev. 78, 
619(1950). 


crystal // with a photomultiplier is set in the path 
of the quanta scattered through large angles,and only 
those scintillations are recorded in the measured 
crystal which coincide with scintillatiors in the 
auxiliary crystal, then the differential distribution 
of pulse sizes must give a natrow maximun( in the 
case of monochromatic rays), which corresponds to 
the distinct energy of the electrons. 


“ Ph.EL.M. 


Fic. 1. Scheme of observation of the scat- 
tered y- quanta. 


Even for angles $,=7-—6 of the order of 60-80°, 
the width of the maximum, which is dependent upon 
the finite dimensions of the second crystal( for 
example, for $ -¢, =40-50°)does not exceed 8-10%, 
i.e., is of the same order as the width due to 
fluctuations. The determination of the position of 
the maximum can thus be made to an accuracy fully 
sufficient for our purposes. 

The integral curve of the distribution obtained 
by the method described, with excitation by y-rays 
from Co®? (1.17 and 1.33 mev), (and the differen- 


tial curve calculated from it) is shown in Fig.2. 


o o 10 15 A 


Fic. 2. Integral curve (solid) and differential 
curve (dashed) obtained by the method of 
coincidences. (Co®® radiation) 


3. MEASURING APPARATUS 


The crystal for the measurements was placed in 
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a photometric sphere (Fig. 3), covered from within 


Fic. 3. Diagram of the photometric sphere . 


with powdered magnesium oxide. The half of the 
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sphere exposed to the source of y-rays was spun 


from aluminum and had a wall thickness of 0.2 mm 


in order to minimize the scattering of y-rays in the 
wall of the sphere. The sphere had an opening 

(2 cm diameter) against the window of the photo- 
multiplier, and a small aperture for admission of tle 
light from the standard lamp. A small internal 
shield screened the photocathode from direct 
incidence of light from the crystal. 

The electronic part of the apparatus is schematic- 
ally shown in Fig. 4. A cathode follower was 
built within the housing of the phhotomultiplier. 
The parameters of the amplifier are: amplification 
factor-from 3 to 200(for most measurements~30), 
pulse rise time(time constant of the input circuit)~ 
of the order of a few microseconds. 


Fic. 4. Block diagram of the electronic apparatus. 
i-Amplifier; 2-Discriminator; 3-Coincidence circuit; 


4-PS-64; 5-Mechanical counter; RC=0.5 pi-sec. 


The amplitude of the pulses was measured with a 
simple integral discriminator. The pulses given by 
the discriminator (rectangular), were further differ- 
entiated and, together with the primary pulses 
formed in the second channel, were fed to the cir- 
cuit which selects the coincidences. 

A drawback to the system is the large number of 
accidental coincidences due to the dark noises of 
the second multiplier, which must register rela- 
tively small impulses from y-quanta with energy ~0.25 
mev. At the same time, it is not possible to reduce 
the duration of the pulses, since the rise time of the 
amplifier must be sufficiently great for the integra- 
tion of all of the studied pulses. A more ideal sys- 
tem would be to have a coincidence circuit before 
the amplifier which would operate with the passing 
through to the amplifier of previously delayed 
pulses. 

The Co®° compound (~150mC) was placed ina 
lead shield with a 4 mm bore collimator in a lead 
block 20 em long. The detector of the scattered 
y-quanta was a crystal of Nal-Tl mounted near the 


photocathode of the photomultiplier. 


4. CALIBRATION OF THE AMPLIFIER 
AND OF THE PHOTOMULTIPLIER 


The calibration of the amplifier was accom- 
plished by means of a mechanical generator of short 
light pulses.” The entrance slit S, (Fig.5), illumi- 
nated by a projection lamp fed through a stabilizer, 
is imaged on the plane of the exit slit S, by a long 
focal-length objective (f=50cm.). The slits were 
arranged parallel to one another. A rotating plane 
mirror was set in the path of the beam so that the 
photomultiplier, located behind S,yregisters the 
light pulse. The time of passage of each point of 
the image past the exit slit equals 


t= S,/4znvL, 


(1) 
where S, is the breadth of the exit slit, L-the length 


°S.M. ‘Haiskii. 


J. Exper. 
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of the rotating arm(L=746mm ) and v the number of | The calibratiyg pulses had a duration of 2.80 pisec 
revolutions per second of the motor, which could For them, A/7 amounts to 0.82 of the alte st this 
reach 120. The energy contained in each impulse is ratio for infinitessimal 7. This was accounted for 
5 in the calibration. As a result of the measurements 
Lamp it was found that for very short pulses a pulse size 


of 0.33 x 10°°uA sec corresponds to one scale 
division. 


Filter 


For the determination of the energy sensitivity 
of the photomultiplier, it was illuminated through 
the 1.68 mm diameter aperture in the photometric 

] sphere by a standard light source-an incandescent 
zy lamp with a BG-12 filter. The light intensity of 
i the lamp was determined by an AEI (All-Union 
Ph. El. yy, Electrical Engineering Institute) colorimeter and 
was found equal to 13.2 candles. The color temp- 
Fic. 5, Plan of the mechanical generator of light pulses. erature of the lamp (2600°K) was measured on the 
same colorimeter by the method of the red-blue 


determined by the product of 7 and the magnitude ratio. The tungsten filament in the lamp can be 

of the total light flux in the image. This light flux considered a gray body to an accuracy of 1%. The 
is proportional to the strength of the current from curve given in Fig. 7 represents the product of the 
the anode of the photomultiplier and can be meas- energy distribution in the radiation of the lamp and 
ured when the entire flux is steadily incident on the the transmission of the filter, i.e., the spectrum of 
cathode (with the mirror still). the radiation of the standard source. 


It should be noted that, owing to statistical 
fluctuations in the photocurrent of the photomulti- 


plier (on account of the small number of electrons A 
from the photocathode for a single impulse) the 
pulses in the output of the photomultiplier have some 10 


scatter in amplitude. For calibration, a reading of the 
discriminator was taken which corresponds to the 
mean of this disper sion, i.e., to the point where 
the integral curve of displacements has the largest 
slope. 

In order to allow for the effect of the duration of 
the pulses, the dependence of A/7(A is the read- 
ing of the discriminator) on 7 was measured. The 400 500 A(t) 
result is described in Fig. 6. Had the pulses Gs Fic. 7. Energy distribution in the spectrum of the 

standard source. 


The conversion from light units to those of energy 
can be carried out in the following manner. The 
lamp (without filter) sends out into unit solid 
angle the flux 


tai ( lumen ) = Ry \ VPs (wate ) dh; 


here V) is the factor of relative visibility for the 
average eye, k, is the reciprocal of the mechanical 
equivalent of light, k)=683 lum/W. Considering 
(2), we obtain that the flux in watts, emitted in unit 
solid angle by the standard source, is equal to 
2.05 x 10°? W/sterad. 

The light from the standard source, set at 5.605 m 
‘ ; é CTE from the hole in the photometric sphere, excited a 
current of 0.48 pA in the photomultiplier. Under 
these conditions the flux into the aperture amounted 


fully “integrated, then A/rwould have to be constant. to 1.44 x 10-19 W, so that a current of 1 pA is ex- 


(2) 


Fic. 6. Dependence of A/7r on the duration of the pulser. 
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cited by a flux of 3.00 x 10° °W, distributed in the 


spectrum of the source. a ; 
The curve of the relative spectral sensitivity 0 


the photomultiplier (with the photometric sphere) 


fy necessary for the calculation of the difference 
in the spectra of the standard and of the crystal 
was measured on a Hilger double monochromator 
by means of comparison with a thermal column. 

A PRK-4 lamp and an incandescent lamp were used 
as the source. The curve fy of the photomultiplier 
with the sphere (Fig.8, solid line) differs from the 
sensitivity of the photomultiplier under direct inci- 
dence of light on the photocathode in the region 


300 400 


$00 Amp) 


Fc. 8. Spectral sensitivity of the phot omultiplier 
(solid curve-With the photometric sphere, dashed- 
without the sphere). 


300-400 mp (dashed curve), because of some rise 
in the absorption of MgO in this range of the 
spectrum. 

Proceeding on the assumption, corroborated by 
measurements published in the literature!”, that 
the luminescence spectrum of the crystal for 
‘excitation is identical to the photoluminescence 
spectrum, the luminescence spectrum of the crystal 
was measured with excitation by the 365 mp line 
of a mercury lamp (Fig.9), to get the correction for 
the difference in spectra of the crystal and of the 
standard source. Multiplying the distribution of 
energy in the spectra of the crystal and of the 
standard by f), and comparing the areas under the 
curves obtained, one can find the difference in 
utilization of energy by the photomultiplier. It 
was found that light of luminescence with the same 
energy as the standard must give a 9% larger photo- 
current. Introducing the appropriate correction, we 
find that 1uA of photomultiplier current corresponds 
to a luminescence output of the crystal in the 
sphere equal to 2.76 x 10 2°W, 


nO C. D. Milton and R. Hofstadter, Phys. Rev. 
75, 1289 (1949); F. B. Harrison and G. T. Reynolds, 
Phys. Rev. 79, 732(1 950). 
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Fic. 9. Energy distribution in the photoluminescence 
spectrum of a naphthalene-anthracene crystal. 


5. RESULTS OF THE MEASUREMENTS 


During the measurements of the energy of scin- 
tillation according to the method described in 
section 2, the angle f=7-0, corresponding to the 
direction through the middle of the auxiliary crys- 
tal, was approximately equal to HON With this, 
the mean energy of the Compton electrons, corres- 
ponding to y-rays from Co°"(1.17 and 1.33 mev), 
came to approximately 0.95 mev. 

The crystal of naphthalene +1% anthracene was 
placed inside the sphere with the long side along 
the beam of y-rays. The range of electrons with 
0.95 mev energy in the crystal, which has near unit 
density, amounts to about 2.5 mm. which is sub- 
stantially less than the dimension of the crystal 
in the direction of the trajectories of the electrons. 

The measured pulse height which was determined 
by the method described in section 2, was found 
equal to A=11.7 divisions on the discriminator*, 
for the same voltage on the photomultiplier as used 
during the calibration. Converting the value of a 
division into energy gives: 1 division=2.76 x 10°!° 
x 0:33 x 10°° Wsec.=0.57 x 10°°mnev. The energy 
of the scintillation is hence equal to 11.7 x 0.57 x 
10°°=0.67 x 10°? mev and the value of the absolute 
energy yield is 0.70%. 

The mean square error of this result, due to the 
accidental errors in all phases of the measurement, 
does not exceed 10%. But systematic errors are 
possible on account of insufficiently close mainten- 
ance of the conditions identical to those during 
calibration: a certain difference is probable, for 


*This value pertains to the final series of tests, for 
which the entire distribution curve was not taken down, 
but only the inflexion point, and therefore does not corre- 
spondto the curve in Fig. 2. 
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example, in the utilization of the light from the 
crystal and from the external source. To all appear- 
ances, owing to the precautions taken, the system- 
atic error should not exceed 20-30%. Such accuracy 
must also be ascribed to the result derived above. 
It is necessary to stress likewise, that the meas- 
ured value pertains to the energy which escapes 
from the crystal. Here there are not taken into ac- 
count losses on reabsorption and on ‘ ‘ capture’’ of 
luminescence due to total internal reflection. The 
latter, however, could hardly be effective, since the 
crystal had a rough surface. 

If we use the measurea ratio of the scintillation 
intensities in anthracene, and in naphthalene with 
anthracene* (1:0.41), and disregara the small shift 
of the luminescence spectrum of the anthracene 
crystal in comparison with the spectrum of anthra- 
cene and naphthalene, then for the absolute energy 
yield of the anthracene crystal under excitation by 
electrons with energy ~1 mev, we obtain 1.7%. 
This value fits in with the results of the work of 
iteference 6, and is lower than the other values 
quoted in the literature. 


6. DISCUSSION OF THE RESULTS 


The theoretical interpretation of the size of the 
energy yield of luminescence on excitation by 
charged particles must be based on the theory of 
ionization losses. The problem of excitation of 
luminescence by charged particles reduces to the 
question of the division of ionization losses over 
losses strictly for ionization and losses for excita- 
tion. The next stage must end in a clarification 
of the efficiency of excitation of luminescence by 
ionization and by excitation of atoms and mole- 
cules. 

This problem is very complex, on account of the 
necessity of taking into account secondary particles 
of low energy, and is not completely solved even as 
concerns the older question of the number of ions 
formed by a moving charged particle (see, for exam- 
ple, Reference12). The empirical result consists 
in a proportionality between the number of ions 
formed and the particle energy loss. It is natural 
to assume that a similar proportionality likewise 
exists for the number of effectively excited mole- 
cules. Birks!® makes such an assumption in his 


*Note that our compararive measurements for anthra- 
cene, stilbene and phenanthrene (1 00:45:25) conform 
nicely with the data of Ref. 11, (100:45:30). 


ae Kallmann, M. Furst and M. Sidran, Nucleonics 
10No9, 15, (1952). 


1 ; 
*r, Fermi, Nuclear Physics, (Univ. of Chicago notes, 1952). 


ep B. Birks, Proc. Phys. Soc. (London), A64, 
874(1951); Phys. Rev. 86, 569(1 952). 


works, in which, for explanation of the experimen- 
tallyobserved dependence of the intensity of scin- 
tillations on the energy and type of particle, an 
additional assumption on quenching has to be intro 
duced. Birks assumes that, together with the transi- 
tion of molecules into excited states (‘‘ exciton’’ 


‘formation), a charged particle gives rise to the for- 


mation of “‘damaged”’ molecules, the number of 
which is likewise proportional to the specificenergy 
loss. Thesé ‘damaged’’molecules are able to trap 
excitons, which thus leads to quenching. Birks’ 
theory is in good agreement with the experimental 
data on the dependence of the intensity of scintil- 
lations on the energy of the different particles, 
which justifies its initial assumptions. Thus it is 
possible to regard the energy given up to excita- 
tion of luminescence as amounting to a definite 
portion of the general loss of energy per given ele- 
ment of path. of the particle, independent of its 
energy. 

The other side of the question concerning the 
theoretical computation of the ratio of losses for 
excitation of luminescence to the overall energy 
losses of a particle, i.e., the question of the size 
of the energy output of luminescence, presents no 
less interest. There is not yet sufficient data, 
apparently, for an exhaustive answer to this ques- 
tion. An analysis of the possible contribution of 
the various processes in excitation of lumines- 
cence, however, seems desirable. 

For organic crystals it is natural to make the 
assumption that the ionization and subsequent 
recombination of molecules is not very effective 
with regard to the excitation of luminescence. 
Recombination processes, if also able to give light 
in organic materials (experimental data on such 
luminescence seems to be lacking), then must have 
a duration considerably in excess of the lifetime of 
an excited state. Consequently, the contribution of 
these processes to the intensity of scintillation is 
slight. Ionization processes are essential in this 
case insofar as they provide secondary particles 
which are able to excite luminescence. 

Excitation processes can be more or less defi- 
nitely separated into two types: “‘ long range’’ ex- 
citation, when a molecule is excited as a whole 
(in the case of most organic molecules, excitation 
of the system of w-electrons occurs), and excita- 
tion with ‘‘local’’ emphasis, when to a first approx- 
imation one can concentrate on a single atom of the’ 
molecule, disregarding its bonds with the other atoms. 
The question, with what probability does the excita- 
tion energy of atoms go over into excitation of a 
molecule, is not clear at the present time and re- 
quires further investigation 

It is essential to note that the energy lost by a 
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particle for excitation with long range effect can be 
comparatively large in some cases. For the estima 
tion of these losses, one can use Fermi’s theory!4 
ef ionization losses, where the medium is consid- 
ered continuous and is characterized by macro- 
scopic parameters. 

Let a particle (for example, an electron) be mov- 
ing with velocity v in the direction of the x axis. 
The energy flux per unit length through the surface 
of a cylinder of radius p, the axis of which is the 
trajectory of the electron, is given by the expres- 
sion!5»1® (for the condition s p << 1) 


dE ie? (3) 


Uist Eng) 


where e(w) is the dielectric permeability of the 
medium (generally speaking, complex), Gv/c, 
y=1.78 and s=(|a|/v) (62e-1},/? If ge<1, then a 
factor -i comes out of the parentheses and 
s=(\a|/v) (1-67)! /2 

In order to be able to make a simple estimate, 
we consider that case (which is found, really, in 
the limit of the experimental conditions) where the 
absorption over a wavelength in the frequency 
range considered is small. Then the dielectric per- 


w 


meability can be approximately expressed through 
the index of refraction n and the coefficient of 
absorption a in the following way: 

e(--w) = n? (1 + iak), (4) 
where X is the wavelength in the medium, divided 
by 27. For the condition 


| ak (2n2) / (820? —-1)| <1 


the expression (3) gives (see, for example, refer- 
ence 17) 


dE e \ [= =u (5) 


dx > ae 3 n® 
0 


aX 4R2 
ae (in Far TUR IR SW eee 1 GE 
mn 3,17 (9 / Ky)? (82n? — 1) 


#n2) | ie 


(X9=A,/ 27, A, is the wavelength in vacuum). For 
particles of low energy, when §*e<1, the first term 


14 
EK. Fermi, Phys. Rev. 57, 485(1940); see also the 


reference collection (Problems in Modern Ph: sics)(USS 
7, (1935). : y 


15], &. Tamm, Phys. USSR 1, 439(1939), 


16 p. &, Kunin, Collected Work Meson (1947) (in 
Russian). 


7p, Budini, Nuovo Cim., 10, 236 (1953). 


in (5) (losses on absorption of Cherenkov radiation .) 


is absent. 
In order to obtain the energy converted into lu- 


minescence, it is necessary to take into account 
the depencence of the luminescence yield on the 
exciting frequency. According to Vavilov’s prin- 
ciple?®, this dependence can be expressed in the 
following manner: 1-7 .@,/@ for @>w,, n=0 for 
w < #,-Having substituted these values in (5), we 
get for the energy of luminescence per unit length 
( for B2«<1) 


NE (6) 
Pe ae ad! 

Cok F 48° 

Ten. 3,17 (87 Koyo — 4) 


Oy 


ent ldo 


Herew, is the frequency which approximately cor- 
responds to the maximum of the fluorescence, w, 


is the frequency of ionization of a molecule 
(assuming that 7 (@)0 for w> @,). 

For computation of the value of dF /dx we do not 
have sufficiently complete data on the value of the 
coefficient of absorption and its dependence on 
frequency, and likewise on the quantity w, and on 


the output 7 (w) for @?@,. The following data can 
be used for a rough estimate. Let the electron 
have an energy of “0.01 mev (82=0.04). The coef- 
ficient of absorption for organic crystals (for in- 
stance, anthracene) has the order of 10°cm’}, i.e., 
«A=]. For the index of refraction we assume n*3. 
The frequencies are @=5 x1025 sec (~4000A and 
o,=20 x 10!5 sec! (~1 000 A). The quantum yield 
7 o=1, p=1 O-’cm. Then dF/dx=0.2 mev/cm. The 
general ionization losses for an electron of such 
energy in a substance the type of anthracene amount 


to (dE / dx) ion=~25 mev/cm.Thus the ratio 
a = (dF / dx) /(dE | dx)inn 1%. 


In order to compare this estimate with the value 
of the yield, one must take into account the corre- 
sponding losses of the secondary particles. Here 
one can be guided by that fact, known from experi- 
ments on gases, that only about half of the energy 
of a particle is expended in ionization. If one as- 
sumes that the same sort of relation is maintained 
for crystals, then the total energy of the secondary 


_ 


185 ], Vavilov, Z. Physik 42, 311 (1927). 
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particles, which originate per element of path Ax, 
is equal approximately to 4(dE /dx) Ax. If for all 
of the secondary particles, the quantity a is the 
same, then the portion of the losses to long range 
excitation can amount to “3a / 2. 

This estimate gives only the lower limit of the 
losses to excitation. Actually, for secondary 
particles of low energy in the neighborhood of the 
binding energy of the electrons in the molecule, the 
portion a of the losses for excitation of lumines- 
cence must increase. This can be concluded by 
analogy from the form of the functions of excita- 
tion and ionization of atoms by electrons. The 
estimate made here, however,shows that possibly 
a significant part of the excitation of luminescence 
is explained by the mechanism indicated. The 
question as to how, along with this, a linear depend- 


ence between the number of excited molecules and 
the energy of a particle comes about, requires a 
special analysis. Together with that,the occurence 
of the above-mentioned processes of intramolecu- 
lar conversion of excitation energy is not excluded*. 

From these deliberations it is clear that a com- 
parison of the optical properties of luminescent ma- 
terials (coefficient of absorption and luminescence 
output for various frequencies of excitation) with 
their ability to luminesce under the influence of 
charged particles has essential value for the fur- 
ther clarification of the question. 


*We note that we have neglected here processes of 
extinction, which must be taken into account especially 
for a high density of ionization. 


Translated by R. L. Eisner 
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Shadow photography and oscillograms of the current and voltag 
wires eehiaied s elecwie current. It is shown that the energy liberated in the w 


e are used to investigate 
ire at the 


instant of the first current pulse is sometimes less than the energy needed to evaporate 


the wire fully, and sometimes considerably more. 
stages of wire explosion show a strong dispersion o 


Shadow photographs of the successive 
f the wire material after the flow of 


the first current pulse. A qualitative explanation is given for the basic features of the 
wire explosion phenomenon, taking into account the high mechanical stresses produced by 
heating and the radial pressures due to the magnetic field produced by the current. 


1. INTRODUCTION 


| pe flow of a large current pulse through a thin 

wire results in its explosion, owing to its almost 
instantaneous evaporation. This phenomenon, 
cdled electric explosion, is of interest in many re- 
spects. Experiments with pulsed currents show 
that Ohm’s law holds at current densities up to ap- 
proximately 10° a/em? 16, Electric explosion of a 
wire is accompanied by a flash of light of high 
brightness and very rich in ultraviolet. In many in- 
vestigations this was used to study the spectra of 
various metals and to produce pulsed sources of 
light? “Within a time interval of the order of a mi- 
crosecond, enough energy is received to melt and 
completely evaporate the wire; in view of the short 
duration of the process, deviations from the ordi- 
nary course of melting and evaporation are to be 
expected 7/18. 
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Owing to the almost instantaneous heating and 
corresponding thermal expansion, the wire is sub- 
ject to very high mechanical stresses during the 
explosion process. This makes it possible to in- 
vestigate the properties of the wire under shock 
compression conditions 4, 

Rupture in water or other liquids causes intense 
dispersion of the wire material. High degrees of 
dispersion can be obtained, depending on the power 
of the explosion. Powerful ruptures are accom- 
panied by shock waves, which lead to strong cavi- 
tation in the liquid (see below). 

Explosion of a wire: in vacuum produces super- 
sonic hydrodynamic streams with which it is proba 
bly possible to produce molecular beams denser 
than usual. Such beams can be used to study how 
one beam interacts with another, or how the beams 
interact with surfaces of bodies, with beams of 
charged particles, with electric and magnetic 
fields, etc. Electric explosion of wire can be used 
to produce films of certain metals without the use 
of crucibles or other means of liquefying the metal. 

Wire explosion can be used in the laboratory to 
produce high tempcratures at relatively high densi- 
ties of matter. Ruptures in air and in vacuum do 
not make it possible to attain a temperature higher 
than 30,000 °K? Swing to the so-called discharge- 
pause phenomenon and to the possible formation 
of shunting discharges. However, it is possible 
to obtain a temperature of 100,000 °K and higher 
if the wire is exploded in a liquid or solid medium 
(see below). 

This phenomenon can also be used to investigate 
certain properties of explosion under conditions 
of infinite detonation velocity. The explosion 
starts simultaneously at all points of the wire. In 
this case the quantity of exploded matter, explosion 
time, total explosion energy etc. can all be readily 
controlled. 


‘4 Q. Bethge, Ann. Physik 8, 475 (1931). 
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The electric explosion phenomenon is thus re- 
lated to many interesting problems. Nevertheless, 
the phenomenon has not yet been thoroughly studied. 
We approach the investigation of the electric explo- 
sion of wires from two points of view; one involv- 
ing a study of the energy balance of explosions in 
various surrounding media (air, water, solid in- 
sulator) and the other involving a study of the ex- 
ternal appearance of the wire at various stages of 
the explosion. The former uses oscillographs of 
the explosion made with a two-beam driven-sweep 


ie 
§ 
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24/134 
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oscillograph capable of recording voltage and cur- 
rent simultaneously. The latter employs shadow 

photographs made with a spark synchronized with 
various stages of the explosion. 


2. MEASUREMENT PROCEDURE 


The principal diagram of the setup for simul= 
taneous oscillography of the explosion and shadow 
photography of the exploding wire is shown in Fig. 
1. The setup consists of three interconnected 
parts: explosion circuit, spark circuit for shadow 


illuminator 


% >t Oscillograph driven-sweep 


start 


fart oscillograph deflection 


plates 


FAG. Principal diagram of installation. 


Photography, and a circuit to trigger the discharges 
in the first and second circuits. The explosion cir- 
cuit consists of capacitor C,, discharge gap P ,with 
stating electrode, noninductive current-measuring 
resistor R, and wire W; B, is an electroacoustic 
voltmeter and D a voltage divider. The spark cir- 
cuit contains capacitor C,, resistor R,, and spark 
gap P, with starting electrode; B, is an electro- 
static voltmeter. The trigger circuit consists of 
capacitors C, and C,,resistorsR,, R,, R,, and Rg, 
choke L and switch K; B, is an electrostatic volt- 
meter. 

The operation of the setup is clear from the draw- 
ing. The trigger circuit is coupled through the re- 
sistor R, with the starting circuit of the oscillo- 
graph driven sweep that is common to both beams. 
The trigger circuit is also coupled through R,, R,, 
and C, with the starting electrode of gap P,. Ca 


pacitances C,, C,, and C, are voltages sources for 
the respective circuits. They are charged in-se- 
quence by a common rectifier. When all capacitors 
are charged to the proper voltages, closing switch 
key K starts the oscillograph driven sweep. After 
a certain time interval, gap P ,is operated and a 
discharge is produced in the explosion circuit. Af- 
ter still another time interval, operation of the gap 
P, energizes the spark circuit and a shadow photo- 
eraph of the wire is taken through the open camera 
shutter. Depending on the value of R,, the time in- 
terval between the start of the discharge in the ex- 
plosion circuit and the flash of the spark can be 
varied from several microseconds to several hundred 
microseconds. The parameters of the spark circuit 
were chosen to produce a discharge with a single 
pulse of light lasting 2 - 3 microseconds. This es- 
tablished the shadow-photography exposure. The 
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in the wire itself. The pause is longer in water 
and in organic glass than in air, particularlyat low 
voltages and for long wires. In the case of short 
wires and high voltages, there is no pause, and the 
current decreases after passing through the maxi- 
mum but does not reach zero. The same occurs 
with tungsten, molybdenum, and potassium wires 
under all conditions, i.e., the current never stops 
in the case of these wires. 

From the oscillograms obtained, it is possible 
to calculate the energy delivered to the wire during 


any time interval elapsed since the start of the discharge. 


We are interested here only in the total energy W 
of the first pulse. This can be calculated from the 
well-known relationship 


W =/.C(Vo— Vi), (1) 


where C is the capacitance in the rupture circuit, 
V , the initial voltage across the capacitor, V, 
the voltage at the instant of the pause. V, is mea- 
sured with an electrostatic voltmeter and V, is 
taken from the voltage oscillogram. It is assumed 
here that all energy delivered by the capacitor 
during the first pulse is liberated by the wire. The 
correctness of this assumption was checked by plot 
ting a current-voltage curve for the process to permit 
direct comparison of the energy liberated by the 
wire with the energy delivered by the capacitors. 

E quaion (1) was used to determine from the oscik 
lograms the energy of the first pulse as functions 
of the amplitude of the initial voltage for copper, 
silver, and steel wires. The corresponding curves 
are shown in Figs. 4-6. The abscissas represent 
initial volts, and the ordinates first-pulse energy 
in watt-seconds. The dotted parabolas show the 
dependence of the total capacitor energy.on the 
initial voltage (to the same scale). The wire ma- 
terial and the explosion-circuit parameters are 
given in the figure captions. Heavy lines A and 
B, drawn parallel to the abscissa in Figs. 4 and 
5, indicate the values of energy required for com- 
plete evaporation of the corresponding wire, as 


calculated from tabular data. Line B on Fig. 4 
corresponds to a wire 120mm long. From the posi- 


tions of these lines it is evident that, depending 
on conditions, the energy of the first pulse can be 
several times higher or several times lower than 
the energy required for complete evaporation of 
the wire. It can be seen that the energy of the 
first pulse increases rapidly with the initial vol- 
tage. This is caused principally by the increase 
in the overvoltage produced across the wire at the 
end of the first surge. An especially large amount 
of energy can be absorbed by the wire at high vol- 
tages and when exploded in a dense medium. For 
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iced @urvestor ia {(Vo) for copper wire of 0.15 
mm cross section diameter. A -/ = 120 mm, C= 10 
HF, inductance L = 2.8 x 10°° HH; x — 1 = 240 mm, C 
= 10uF, L=2.8x 10° Hs o--1= 120 mm, C, = 10° 
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Fic.5. Curves of W=f (V9) for 
silver wire. © — d=0,15 mm, 
eNO) uti (Ge 0) dP, ahchin@= 
tance L =3.5x10°°H; A —d= 0.25 mm, 
f= 160mm, C;=10 wPF, L=3.5x10 OH: 
@— d= 0.13mn, /= 100mm, C, = 10 vk, 
L = 1.5x10°°H 


example, a silver wire 0.15 mm in diameter and 3 
cm in length,embedded in organic glass, absorbs 
during a first pulse lasting 1.5-2 microseconds 
enough energy from a 10-microfarad capacitor at 7 
kilovolts to heat the wire to 150,000° Kelvin. The 
temperdure is calculated by determining the aver- 
age energy available for each atom of wire ma- 
terial and subtracting the energy required for com- 
plete evaporation of the wire. Here we neglected 
the radiation losses and disregarded the energy 
losses involved in ionizing and exciting the atoms 
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one-microfarad capacitor C, was charged to 30 kv 
in all experiments. The shadow-photography optical 
system is shown in Fig. 2. In many cases, the shadow 


Fic. 2. Shadow photography diagram 
I - photographic plate, 2 - objective, 3 - wire 
4 - spark. 


photographs were paralleled by oscillograms of 

the wire explosion. The oscillograph recorded si- 
multaneously the voltage across the wire and the 
voltage across current-measuring resistor R ,, pro- 
portional to the current in the wire. All of the latter 
voltage and a fraction of the former (from the voltage 
divider) were applied through a coaxial cable to the 
oscillograph deflection plates owing to the special 
construction of the resistor R,, the resultant os- 
cillograms of the current were quite free of induc- 
tive distortion and induced noise. The inductive 
distortion of the voltage oscillograms was controlled 
in a special manner*. 

Applying suitable corrections, oscillograms ob- 
tained in this manner permit calculation of the ex- 
plosion energy at any instant of time with an accu- 
racy to 5-7%. Shadow photographs were taken of ex- 
plosions in air and water. A container made of or- 
ganic glass and having plane parallel walls was 
used for the latter. 


3. EXPERIMENT AL RESULTS 


a) WIRE EXPLOSION OSCILLOGRAMS. 
EXPLOSION ENERGY 


Figure 3 shows oscillograms obtained with dif- 
ferent wires under varying experimental conditions. 
The uppe and lower curves show respectively cur-" 
rent and voltage vs. time. Oscillograms obtained 
with copper, silver and platinum wires were de- 
scribed by us in Ref. 6 and are not repeated here. 

Oscillogram I was taken with a potassium wire 
in a glass capillary tube. Oscillograms II (copper 
wire) and III (tungsten wire) are given as examples 
to illustrate the entire wire-explosion process, 
starting with the first pulse and ending with the 


* A detailed description of the oscillography, an eval- 
uation of the fidelity of the oscillograms, and the con- 
struction of current-measuring resistor R, are given in 


Ref. 6. 


complete discharge of the capacitor in the second 
pulse. The oscillograms were made at high vol- 
tages. Oscillogram III shows only the current curve. 
The oscillograms show that during the initial 
stage of the discharge, lasting from a few up to 
several dozens of microseconds the wire first re- 
ceives a fraction of the energy in the form of a 
pulse. This first pulse is followed in most cases 


by the so-c alled current pause, when the current 
’ +I 5, 6 
drops to zero ‘ 


he voltage across the wire first rises and 
reaches at the point of maximum current a value that 
is somewhat less than the initial voltage across the 
capacitor? * Next, in view of the fact that the current 
starts decreasing, 01/0T <0, and an overvoltage 
occurs across the wire. At the end of the first 
pulse both current and d//0T approach zero, and 
the voltage, which passes through its maximum at 
the instant / = 0, assumes a constant value, which 
nevertheless represents a considerable fraction of 
the initial voltage. Once the pause starts, no more 
energy is liberated in the wire. The duration of 
the pause, depending on experimental conditions 
may usually range from zero to several hundred 
microseconds. The pause is followed by a second 
discharge pulse, characterized by higher currents 
and lower voltages than the first pulse. This means 
that in the second pulse an ac strikes across the gap for 
merly short circuited by the wire and the following 
full capacitor discharge is accompanied in this 
case bythe usual damped oscillations. The length 
of the pause depends both on the processes occur- 
ing during the wire explosion and on the de-ioni- 
zation time of the discharge gap. If the pause is 
longer than the gap de-ionization time, the second 
pulse cannot occur at all. 

‘The oscillograms of aluminum, silver, and gold 
wires are similar to the copper-wire oscillogram. 
The oscillograms of tungsten, molybdenum, iron, 
nickel, and nichrome wires are similar to that of 
platinum wire, and are characterized by a first- 
pulse region in which the current and voltage vary 
little withtime. A similar region, although less 
clearly pronounced, occurs in the case of long 
copper, silver, and aluminum wires. 

Oscillograms were also taken of exploding wires 
placed in water or embedded in organic glass. 
These oscillograms showed that the waveform and 


** Because only a small fraction of the energy can be 
liberated by the wire in the form of heat and in the form 


of magnetic energy of the current within that time. Fur- 
thermore, the voltage drops across the resistances in 


the explosion circuit are low. 
15 J, Wrana, Archiv. Elektrotech 33, 656 (1938). 
16 B, Eiselt, Z. Physik 132, 54 (1952). 
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amplitude of the first pulse depend little on the 


sequently determined by the processes occurring 


character of the surrounding medium, and are con- 
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of the wire material. 


W(Ws) 


oes SSS Vy) 


Fic. 6. Curves of W gis ) for steel wire of 0.15 mm 
cross-section diameter. ~ 9 = 60 mm, C, = 8.4 pF, 


inductance L = 3.5 x 10°° H; O — 1 = 120 mm, C, =8.4 
LF, inductance L = 3.5 x 10° H. 


b) SHADOW PHOTOGRAPHY 


Many wire-explosion oscillograms were paralleled 
by shadow photographs showing various stages of 
explosion in air and water. To prevent doubly ex- 
posing the film by the light of the second pulse, 
most photographs were made of copper wires at 
conditions under which no second pulse occurs. 
The photographs were taken at time intervals 
“ranging from several microseconds to several hun- 
dreds of microseconds after the start of the dis- 
charge. The state of the wire at a given instant 
was established for each explosion with an exposure 
of 2-3 microseconds. To obtain shadow photo- 
graphs of successive states of the wire, the ex- 
plosions wer ‘repeated under identical conditions 
~ and the photography was carried out at various time 
intervals measured from the start of the process. 
The reproducibility of the shadow photographs was 
quite satisfactory in these experiments. 

Figure 7 shows shadow photographs of an enamel- 
insulated copper wire of diameter d = 0.10 mm and 
length J = 15 cm taken at an initial voltage V9 
= 3.5 kv. Photographs V, VI, VII, and VIII, corre- 
spond to an elapsed time of 5, 10, 15, and 50 micro- 
seconds from the start of the discharge. The mag- 
nification of the photographs is approximately 15 
diameters. It is evident from these photographs 
that during the first five microseconds after the 
start of the discharge (photograph V) there is no ex- 
ternal change in the wire, except for a few short 


incandescent wire segments still seen in photo- 
graph VI that follows. After 10 microseconds (pho- 
tograph VJ) the layer of enamel peels off the wire 
noticeably and continues to peel off the wire, as 
shown in the subsequent photographs. Noticeable 
evaporation of the wire, becoming progressively 
stronger, begins at 15 microseconds (photograph 
VID. At 50 microseconds (photograph VIII) a con- 
siderable portion of the wire is still unevaporated, 
and the wire splits into individual longitudinally- 
elongated “‘beads”. A photograph taken at 150 
microseconds after the start of the discharge (not 
reproduced here) shows that the evaporation is al- 
most complete by that time, and the unevaporated 
remnants of the wire, in the form of small particles, 
are scattered in space in disorderly manner. What 
calls attention in these photographs is the uneven 
explosion of the wire. 

The oscillogram belonging to the above series 
of shadow photographs shows that the first dis- 
charge pulse lasts not more than 3-5 microseconds. 
The energy of this pulse is sufficient to evaporate 
completely 60% of the entire mass of the wire. It 
must therefore be assumed that the wire is in a 
superheated liquid state for some time after the 
first pulse. In view of the high surface tension 
of metals, the formation of incipient gas state is 
difficult, and therefore there is a short period of 
time (on the order of microseconds) when evapora- 
tion cannot begin over the entire volume. The 
evaporation occurs only on the surface of the wire. 


Since the wire liberates energy very rapidly (the 
power is 10° watts) it should become considerably 


superheated. Our shadow photographs confirm 
such an assumption. To obtain a more convincing 
proof of a superheated state, simultaneous oscil- 
lograms were taken of the current in the explosion 
circuit and of the photoelectric current excited 

in a photocell multiplier by a strongly collimated 
beam of light coming from a narrow portion of the 
surface of the wire. The corresponding curves 

are shown in Fig. 3 (oscillogram IV). A much 
longer sweep time was used to cover the entire 
evaporation process. The current curve (upper 
beam) shows the presence of the very narrow first 
pulse (arrow 1) in the initial portion of the oscil- 
logram. This is followed by a current pause. The 
photocell-current curve (lower beam) has a maximum 
(arrow 2) at the start of the oscillogram, followed 
by a gradual decrease. This indicates that the 
wire, having its maximum temperature at the end of 
the first pulse, is consequently in a superheated 
state. Later on, the temperature of the wire should 
decrease as the energy of the superheated state is 
consumed by the evaporation. However, the shadow 
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F16.7 Shadow photographs of wire explosion. Photos V, VI, VII, 
and VIII shéw successive explosion stages for enameled copper 
wire 0,1 mm dia. and 15 cm long (weak explosion); 1X and X show the 


scattering of explosion products at relatively high voltages (strong 
explosion), 


photographs show that the evaporation gains inten- 
sity with time. This must be explained by the fact 
that the wire becomes gradually broken up into in- 
dividual “‘beads” and the evaporation surface in- 
creases greatly. 

Photograph IX (Fig. 7) shows the condition of an 
uninsulated wire with /= 15 cm, d = 0.05 mn, ex- 
ploding in air at V. = 5.2 kv. There is no second 


pulse. The photograph was taken 28 microseconds 
after the start of the discharge, and the magnifica- 
tion is 1.5-2 diameters. It is evident from this 
photograph that the evaporation proceeds in layers 
that run perpendicular to the axis of the wire. The 
stratified nature of the evaporation is shown even more 
clearly in photograph X, taken 28 microseconds after the 
start of the discharge with /=15 cm, d=0.15 mm,and V )=5kv. 
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V,=5 kv. One sees clearly here two streams of 
explosion products, one with a small quantity of 
matter, low velocity, and deeper penetration into 
the air; the other with a larger quantity of matter 
lower velocity, and shallower penetration in the 
air. Both streams are radially stratified. 

The accompanying shadow photographs thus dis- 
close certain interesting details of the explosion 
process. However, the corresponding experiments 
were carried out at relatively low initial voltages 
(3.5 kv) to slow down the process and to make it 
possible to distinguish the individual explosion 
stages. At higher voltages the explosion is much 
faster and the pictures all merge. To obtain a 
better understanding of the explosion phenomenon 
in general and of the mechanism of current interup- 
tion in particular, it is necessary to investigate 
the behavior of the wire at higher values of V 5, i-e., 
at higher rates of energy influx in the first pulse. 
The method employed for this purpose was to shunt 
a segment of the wire with a discharge gap® con- 
nected in series with aresistor.Since considerable 
overvoltage occurs across the wire before the end 
of the first pulse (see rupture oscillograms), it is 
possible to produce breakdown of the shunt at the 
required instant of time by adjusting the length of 

the gap. If the resistance of the shunt is nearly 
zero, almost all of the current flows through the 
shunt once the gap breaks down and no more energy 
is liberated by the wire. If the shunt resistance is 
not zero, the voltage drop across this resistance 
continues to feed energy to the wire. By varying 
the breakdown voltage of the shunt and its resist- 
“ance it is possible to change the energy of the 
first pulse and its delivery rate over a wide range. 
The results obtained in this manner are not suf- 
ficiently quantitative, for we know that the starting 
time and development of a discharge in a gap has 
a certain statistical dispersion. However, the re- 
sults are well founded qualitatively. Figure 8 
‘shows three photographs of a copper wire having 
d=0.05 mm. Photograph XI was taken 28 micro- 
seconds afte the start of the discharge at V) = 4 
kv and 1 =65 cm. The breakdown voltage of the 
shunt was 2.5 kv. Photographs XII and XIII were 
taken 15 microseconds after the start of the dis- 
charge at / = 12cm and at 5 and 6 kv respectively. 
The approximate breakdown voltage of the shunt 
was 5 kv and its resistance was approximately 0.2 
ohm. The magnification of the photographs is 10 
diameters. It is evident from these photographs 
that the current interruptionis preceeded by states 
characterized by an intense movement of the matter 
in the wire. At low pulse energies (photograph XD) 
the wire remains solid and after several tens 0 


microseconds it manages to assume a well-devel- 
oped wave-like shape. At higher energies (photo- 
graph XII) individual highly-superheated sections 
evaporated completely. The remaining portions 
did not have a chance to curve noticeably and 
enter into a dispersed state with a large number 
of breaks along the entire wire, probably under the 
influence of shock wave occuring when the material 
is ejected at the superheated locations. It can be 
seen from photograph XIII that the distribution of 
the superheated sections becomes almost periodic 
in the more uniform sections of the wire and at 
larger pulse energies. Careful examination of 
photograph VII, corresponding to a low-energy 
first pulse also discloses the beginn ng of disper- 
sion. 

The next photograph (XIV) illustrates the ex- 
plosion of copper wire in water at / = 12 cm, d = 
0.05 mm, and V, = 1.5 kv. The photograph was 
taken 150 microseconds after the start of the dis- 
charge and the magnification is 3-4x. The shadow 
spots on these photographs indicate the formation 
of gas bubbles around short glowing sections of 
the wire. Some of these bubbles have a regular 
sphericd shape, indicating that individual over- 
heated sections are small in size. Where several 
superheated sections have accumulated, the bub- 
bles are drawn out in the direction of the wire axis. 
The presence of illuminated sections in the mid- 
dle regions of the spots is due to the radiation of 
the overheated sections of the wire. 

The last photograph XV shows the explosion of 
a copper wire with / = 12 cm, d =0.05 mm, and V, 
=6kv. The photograph was taken 50 microseconds 
after the start of the discharge. The pause is less 
than 15 microseconds. What is remarkable in this 
photograph is the water cavitation resulting from 
the wire explosion. The bubbles formed are illu- 
minated by light from the arc of the second dis- 
charge pulse. It is probable that the cavitation of 
the water is related to the shock waves propagated 
in the water as the result of the second current 
pulse. 

Several experiments were performed to clarify 
the role of the superheated short sections, appear- 
ing in the wire at the initial stage of the discharge. 
They are assumed to be very short arcs produced 
where the wire has slight inhomogeneities due to 
rapid evaporation or occurring where the wire 
breaks. Shallow and very narrow equidistant trans- 
verse notches were made in a uniform copper wire 
with a knife. Shadow photographs of the explosion 
of such wires showed that short arcs actually oc- 


cur at such notches and that these arcs were fur- 


ther developed than the short arcs on homogeneous 
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Fic. 8. Shadow photographs of wire se re Photos XI, XII, 


and XIII show explosion of shunted wire; XI 


and XV show explosion 


of wire in water. 


wires. This is probably related to the magnitude 
of the inhomogeneity. Comparison of current os- 
cillograms of a notches and a homogeneous wire 
shows tha in the former current diminishes faster 
after the maximum of the first pulse is steeper. 
This indicates a faster rise in the resistance of 
the wire due to the presence of stronger short arcs. 
From this it follows that in the case of a strong 
explosion, when the evaporation has a clearly 
pronounced stratified character, the simultaneous 
occurrence of a large number of short arcs over 
the entire length of the wire may contribute to the 
interruption of the current. 


4. EVALUATION OF RESULTS 


The now prevalent ideas concerning the mecha- 
nism of electric wire explosion cannot explain the 
basic features of the phenomenon. For example, 
the almost-instantaneous interruption (within sev- 
eral tenths of amicrosecond) of such large cur- 
rents (several thousands of amperes) has been at- 
tributed to the transformation of the wire from metal 
into non-conducting--very dense--gas! 215,16 Thi, 
hypothesis, on first glance quite natural, is con- 
tradicted by experimental data. Actually, the os- 
cillographic data above show that, depending on 
experimental conditions, the energy of the first 
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pulse of the discharge can be several times preater 
or smaller than the energy needed for total 
evaporation of the wire. Consequently, not all 
the wire need evaporate before the current is in- 
terrupted. Furthermore, the shadow photographs 
show that if the explosion is delayed, the current 
is interrupted even before the wire starts evapo- 
rating noticeably. In cases where the energy of 
the first pulse exceeds by many times the energy 
required for total evaporation of the wire, there is 
every reason for assuming that this wire is fully 
evaporated even within the first pulse . Neverthe- 
less, in those cases the current is frequently not 
fully interrupted. 

There is no explanation, particularly in the case 
of strong explosion, for the clearly pronounced 
stratified character of the evaporation and for the 
tendency of the wire to break up into minute 
“‘beads’’ when the explosion is delayed. Attempts 
to explain the stratified nature of the evaporation 
by attributing it only to the action of the surface- 
tension forces in the molten metal must be consid- 
ered groundless because these forces are too 
small. In fat, as was already noted, the wire in 
the explosion process may even reach critical tem- 
perature, and therefore the surface tension tends 
to zero. 

It is equally incorrect to attribute the discharge 
pause to the reaction of the metal vapors with the 
oxygen in the air and to the accompanying further 
heating of the vapor (thermal breakdown). Such a 
point of view is disproved by wire-explosion ex- 
periments in inert gases (nitrogen, argon) and 
’ dense insulators (water, organic glass, glass, etc.) 
in which a reaction with the vapors of the metal is 
impossible, and the character of the pause remains 
unchanged. References 8, 12, and 16 correctly 
relate the appearance of the pause with the radial 
expansion of the vapor during the explosion. How- 
ever, they do not take into account the cylindrical 
symmetry of the explosion)®and cannot give a con- 
vincing explanation of the phenomenon. 

Nor are explanations given for the large disper- 
sion of the energy of the first pulse, for the de- 
pendence of the waveform of the first pulse on the 
wire material, for the role of superhe ated sh ort 
segments produced in the wire in the initial stage 
of the discharge, etc. ee 

Analysis of the experimental material given 
above permits forming a definite concept of the 


17 W. Kleen, Ann. Physik 11, 579 (1931): 


iat Sedov, Metody podobiia i razmernosti v 
mekhanike (Analogue and Scale-Model Methods in 


Mechanics), Moscow-Leningrad, 1952. 


mechanism of electric wire explosion, giving at 
least a qualitative explanation for the basic fea- 
tures of the phenomenon. We start with the fact 
that in the first pulse, even before noticeable 
evaporation begins, the wire material is already 
in state of intense motion. For correct under- 
standing of the explosion mechanism, it is first 
necessary to evaluate the forces causing this 
motion and their action, taking into account the 
gradual transition of the wire from solid into liq- 
uid and from liquid into gas. In the initial stage 
of the explosion the wire heats rapidly, while still 
in a solid state; not having enough, time to expand 
in an axial direction (owing to inertia), it becomes 
subject to a strong axial compression. The mag- 
nitude of the compression can be approximately 
calculated from the following equation: 


Jalal 2S. (2) 


where « is the average coefficient of linear expan- 
sion, E the modulus of elasticity of the wire ma- 
terial, 7 the temperature rise, and S the transverse 
cross section area of the wire. Since the volume 
of the wire does not have time to change noticeably 
while it is being heated in a solid state, we can 
roughly assume E to be constant. Then Eq. (2) for 
copper wire, say, at temperature 7= 1,000° gives 
an axial stress of approximately 20,000 atmospheres. 
According to Euler, an axially-stressed homo- 
geneous wire should assume a sinusoidal.form. The 
connection between the wave length A of the de- 
formation and the critical axial compression stress 
f, 18 given by the following expression 


(1/2)? = @EM/fn, 
where Ehas the same meaning as before, and M is 
the moment of inertia of the transverse cross sec: 
tion of the wire (VM = ad*/64, where d is the diame- 
ter of the wire). Since an actual wire has a certain 
inhomogeniety, one cannot expect a strict periodic- 
ity . A detailed theoretical study of this problem 
and an experimental check on the results of the 
theory in the case of a platinum wire is found in 
Ref. 14. That such a phenomenon actually occurs 
in the initial stage of wire explosion is confirmed 
by the shadow photograph (Figure 7). Even though 
the wire remains only briefly in the solid state 
(less than 1 microsecond) it manages during that 
time to assume the shape of a wave of certain small 
amplitude. As a result, the compression along the 
wire distributes itself with the same periodicity. 
Since the melting point depends on the pressure, and 
the compression is periodic, the distribution of the 
regions where the melting begins will also have a 


(3) 
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periodical character. Where the compression is 
high, the mass should immediately begin to shift 

so as to reduce the compression. Thus there are 
dynamic reasons for a periodic variation in the 
transverse cross section along the wire as the wire 
changes to the liquid state. It is also necessary te 
take into account the action of the forces due to the 
magnetic field of the current, tending to compress 
the wire in aradial direction (the so-called “‘pinch 
effect’’). This compression can be characterized 
by a force F acting on a unit of wire perimeter sur- 
face and directed toward its center. The magni- 
tude of this force is given by the equation a 


F= of, 


where a is the perimeter of the wire and j is the 
current density*%** 2° Under the conditions of our 
experiments, with a wire of approximately 0.1 mm 
the current density reaches values of 10° — 10? 
electromagnetic current units. According to Eq{4) 
the corresponding forces will be on the order of 
101° — 1012 dynes. These forces reach a maximum 
in the region of the current maximum, where accord- 
ing to oscillographic data the wire begins its 
transformation to the liquid state. Under the in- 
fluence of these forces, the masses begin to shift 
where the liquid wire becomes narrower, the shift 
being in a direction perpendicular to the axis of 
the wire. Conversely the masses are pushed out 

in the opposite direction where the liquid wire be- 
comes wider. The acceleration of the motion will 
increase with the difference in the radii in the 
compression and expansion locations (F is in- 
versely proportional to the third power of the radius). 
Under the influence of the large currents flowing 
through them, the compressed sections will start 

to evaporate much sooner than the neighboring 
sections, and this will accelerate the compression. 
The compression accelerates both because of the 
evaporation of the material, and also because of the 
forces produced in this evaporation. 

Since the transverse periodicity along the entire 
wire occurs simultaneously, the compression of the 
narrow portions begins simultaneously everywhere. 
Consequently a set of short superheated sections 
is produced simultaneously over the entire wire 
and for avery short time (considerably shorter 
than the duration of the first pulse) the matter ap- 
pears to be expelled from this set beyond the 


*** We neglect the skin effect !9 and the inverse skin 
effect as being too small. 


19 7, Lubin, Zhur. Prikl Fiz 4, 2, 45 (1927), 
20 E. Fr. Russ, Z. techn. Phys. 11, 529, (1930). 


limits of the charge. It is evident that intense 
shock waves will propagate along the wire from 
the superheated sections, and these shock waves 
are capable of causing a considerable disturb- 
ance and result in the dispersion of the remaining 
sections of the wire (a phen omenon similar to the 
initial stage of cavitation in liquid without vapor 
bubbles developing). As a result of such dis- 
persion, these sections apparently lose their con- 
ductivity, and this in turn also contributes to the 
interruption of the current . According to Eq. (4), 
the compression forces of the magnetic field of 

the current rise very rapidly with the current den- 
sity, and it is therefore possible that this generally 
limits the maximum current density that can be 
reached in metals. The picture drawn here for the 
processes occurring in the first pulse makes it 
also possible to explain other facts that charac- 
terize the electric wire explosion. For example, 
it follows naturally from this picture that the evap- 
oration of the wire should be characterized by 
strata perpendicular to the axis of the wire. 

Taking into account the uneven rate at which 
energy is liberated along the wire and the possi- 
bility that in short wires the isolating sections can 
be broken down by the large initial voltages, the 
high limit of energy absorbed by the wire during 
the first pulse becomes now understandable. 

Also understandable now is the tendency of the 
wire to break down into individual “‘beads”’ if the 
explosion is slowed down. In fact, while processes 
contributing to the dispersion of the wire predomi- 
nate before the current is interrupted, once the cur 
rent is interrupted, the reverse processes Start pre- 
dominating and lead at least to a partial rejoining of 
the small liquid particles into larger droplets. In 
view of the intense evaporation,these droplets 
which interact with each other flatten out in an 
axial direction and stretch out in a radial direction. 
The random character of the rejoining of the particle 
leads to a certain statistical distribution of the 
droplet dimensions along the wire. 

The role played by the compression forces of the 
magnetic field due to the current is further corrobo- 
rated in the fact that in wires having a high specific 
resistivity, and consequently carrying low current, 
such astungsten, molybdenum, platinum, iron, ni- 
chrome, nickel,and the like, the first pulse is charac- 
terized by a slight step in which the current in the 
voltage changes little in time, i.e., the wires have a 
negligible thermal coefficient of resistivity within 
the confines of this step. The reason is that in view 
of the low current the compression effect is weakly 
pronounced and the liquid wire maintains its cylin- 
drical shape for a certain time. In the liquid state 
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the metals, as is well known, have a low coeffi- 
cient of resistivity. An analogous phenomenon oc- 
curs also for copper, silver, and aluminum in the 
case of long wires and relatively low voltages. Un- 
der these conditions the currents in these materials 
during the first pulse are also low. 

As was shown above, potassium, tungsten, and 
molybdenum cannot produce a complete interruption 
of the current under any condition. This is ex- 
plained by the thermal ionization of the vapors and 
by the intense thermal electron emission of tung- 
sten and molybdenum. Not one of the materials can 
lead to a complete interruption of the current re- 
gardless of the vapor pressure and meet the condi- 
tions required for sufficient thermal ionization of 
the vapor. This holds for all materials in the case 
of short wires and high voltages. 

The duration of the pause is determined princi- 
pally by the energy of the first pulse, which in the 
final analysis determines the radial velocity of the 
vapor. The higher the energy of the first pulse, the 
higher the velocity of the vapor. In particular, it 
was shown in Ref. 18 that, depending on the initial 
energy, the pressure on the axis and near the axis 
can drop to any value down to a vacuum in the case 
of aradial scatering of particles in the explosion 
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of a wire with cylindrical symmetry. Under this 
condition, and in the presence of a certain residual 
voltage, it is quite natural for a finite pause to ex- 
ist, that is, for a second pulse to form as a result 
of the breakdown that occurs within a finite time 
after the beginning of the pause. As to the possi- 
bility of the existence of an infinite pause, this 
can be basically explained by two causes. 

An infinite pause is characteristic of a delayed 
explosion with low energy in the first pulse. In 
view of this, the radial velocity of the vapor is 
insufficient to reduce the pressure enough to permit 
a breakdown to occur. Furthermore, under those 
conditions when the duration of the pause exceeds 
the de-ionization time of the gas in the discharge 
gap of the rupture, the pause becomes practically 
infinite, since the residual voltage is insufficient 
to produce breakdown. 

It thus becomes possible to explain qualitatively 
the principal outlines of the phenomenon of electric 
explosion of wires. 


Translated by J. G. Adashko 
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It is proposed to make use of the method of tracer atoms for the investigation of cathode 
sputtering in the near threshold region, and for the determination of the magnitude of the 
threshold energy of sputtering. Results are presented of such an experimental investiga- 
tion of the sputtering of cobalt by the ions of mercury and argon, traced with its radioactive 


isotope Co60. 


Ese investigation of cathode sputtering in the 
near threshold region, i. e., at small energies 

V_ of the sputtering ions, bordering on threshold, 
has always been associated with great experimental 
difficulties. The problem consists in the determi- 
nation of both the threshold of sputtering, i. e., the 
mimimum energy V , which the bombarding ion must 
have for the actual occurence of this process, as 
well as the dependence of the coefficient of sputter- 
ing fL on Ve for a > Vv, Only avery small part 


of this problem, consisting in the determination of 
the quantity V, for thermoelectric cathodes covered 
with active adsorbed films (for example, thoriated 
tungsten), could be in some measure resolved, 
thanks to the fact that for a fixed origin of sputter- 
ing of this film, the precise method of thermoelectric 
emission could be used. The determination of 
the relation # = fv) for this case could be realized 
by an approximate, indirect, and rather unwieldy 
method*, But as regards the vast majority of all 
other important and interesting materials, and in 
the first place metals, the straightforward solution 
of the indicated questions would be practically 
hopeless in view of the fact that for V, > V,, the 
magnitude of is so small that its immediate de- 
termination, for instance by weighing the sputtered 
deposit, by measuring its transparency, etc., is un- 
realizable practically. Therefore, in the past, the 
following method has generally been used: the de- 
termination of the relation » =f(V_) was performed 
in the region of medium and large energies. Then, 
using the fact that in these regions this relation, 
according to the experimental data, is generally 
more or less linear, i.e., p=B(V_ — Vos a line ar 
extrapolation was performed to p = 0. By such 


1 
N. Morgulis, Usp. fiz nauk 28, 202 (1946) 
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. INle Morgulis, Rozporoshuvannia metalichnoi 
poverkhni pri udarakh pozitivnikh ioniv’’, Izd-vo AN 
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means, untrustworthy in principle, it is of course 
possible to obtain rough, inaccurate values of the 
quantity V). This deprives us of the opportunity 
to seek for a correlation between this quantity and 
other physical characteristics of the metals inves- 
tigated, i. e., to clarify the nature of the phenom- 
enon of cathode sputtering. Recently, a communi- 
cation ° appeared, in which it is suggested that 
the above mentioned investigations be performed 
by using the change in the contact potential of a 
probe in the gaseous discharge, i. e., the shift of 
the probe characteristics under the influence of a 
layer of sputtered material deposited on it. This 
method is essentially a variation of another, al- 
ready used in the past for this same purpose, in an 
application to oxidized cathodes4, [t is readily 
seen, however, that the probe method is far from 
universal, because its sensitivity will depend on 
the difference in the work functions of the electrons 
inthe material being sputtered and in the probe. 
For the majority of metals, this difference of 
work functions among them is not great, and there- 
fore there is no basis to expect great success in 
applying this method. Even the values presented 
in reference 3 for the quantity io appear so im- 
probably large (~50-70 v.) that one does not feel 
obliged generally to take them into account. 

Thus we see that although a large number of 
works have been devoted to the investigation of 
the cathode sputtering of solid bodies}, still, at 
the present time, the laws governing this phenom- 
enon inthe near threshold region remain an open 
question. Meanwhile, at the present time we al- 
ready have at our disposal a powerful method not 
previously accessible in the near threshold region 
— the method of radioactive tracer atoms. We have 


3G. Wehner and G Medicus, Ph 
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4 N. Morgulis and Ia. Liubarskii, Fiz. 
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made use of this method for the solution of the 
above-stated problem. Some preliminary results ob- 
tained by us in this direction are presented below. 
The appartus used consisted of a tube with the 
usual gasotron discharge by an incandescent tung- 
sten cathode in the following atmospheres: 1) mer- 
cury vapor, and 2) argon. A small (diam. ~ 3 mm) 
flat target-probe made of the investigated metal 
mixed with a radioactive isotope, with a suitable 
protective ring of common nickel, was introduced 
into the plasma of the discharge. All leads to the 
probe and its rear surface were carefully insulated. 
Placing the corresponding negative potential on 
the probe with respect to the potential at that point 
in the plasma, we bombarded it with ions with the 


current /, and energy V_ (neglecting the extremely 
small magnitude of the initial energy of the ions). 
For the accurate determination of the quantity V_, 
the probe characteristic was obtained at each méa- 
sured point of the curve p = f(V_) (see below). In 
this way, we determined the potential of the plasma 
at the point where the target-probe was located. An 
example of such a probe characteristic in mercury 
vapor for the important case of a small value of V 
=(V, -V_) =(25-14) = lly, is given in Fig. 1. in 
which is seen its normal character. The correction 
to the quantity ls associated with the secondary 
emission of mercury ions (in the first case) from 
the target, is insignificant. 
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At a small distance d ~ 2 mm in front of the 
probe, a collector was placed, on which atoms of 
the metal under investigation, sputtered from the 
_ target-probe, were deposited. In order to reduce 

the reflection of the atoms under investigation 
from the collector to a minimum, the collector was 
fabricated either from the same metal, or from a 

metal with very similar properties 

(Ni), carefully purified and degreased, Moreover, 
immediately before the actual experiment, the sur- 
face of the collector was cleaned additionally with 
bombarding ions, i. e., by some sputtering. Poe 
the experiment was being carried out, the co ector 
was maintained at a “‘floating’’ potential, i. e., 
was disconnected from the circuit. However, sput- 
tering from the collector of the Bereta Be 
target being studied could be completely igno 


* 5 M. Devienne, J. phys. radium, 13, 53 (1952); 14, 
257 (1953). N. Morgulis, V. Gavriliuk, and A. Kulik, 
Dokl. Akad Nauk SSSR 101, 479 (1955). 


because its negative potential with respect to the 
plasma aN = (KT ,/e) In(u,/u,) was extremely 


small since in our experiments the electronic tem- 
perature was only ~ 14000°K and did not vary es- 
sentially from point to point (Fig. 1). The distance 
d was generally markedly less than the free path 

of an atom in the discharge'in- order to avoid scat- 
tering of the latter during their flight from the probe 
to the collector. However, the use of a discharge 
in mercury vapor in one of the variations of our 
investigations might appear not completely suc- 
cessfulfor the following reason; the surfaces of all 
cold parts of the apparatus, among them being the 
probe under investigation, might be partially co- 
vered with a thin film of mercury which could to 
some extent lower the effectiveness of the eet 
of the bombarding ion, i. e., its sputtering effect , 


6 L. Koller, Physics 7, 225 (1936). A. Patiokha, 
Usp. fiz. nauk 28, 208 (1946). 
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and consequently could increase somewhat _ the 
value obtained for the quantity V,. Moreover, this 
influence might be somewhat different at various 
energies of the bombarding ions, etc. Since it 
would be very difficult in our experiments to heat 
the probe to a high temperature and thereby pre- 
clude the presence of mercury films®’’, similar 
measurements were also performed (second case) 
in the atmosphere of an inert gas-argon. However, 
acomparative investigation of the sputtering of a 
cold cathode of thoriated tungsten, carried out with 
mercury vapor as well as with inert gases Ne and 
A at not too great values of the quantity V se 
showed that the error associated with the possible 
role of the mercury film did not require undue con- 
sideration in this case. 

Measurements were performed in the following 
manner. After the discharge was started, the probe 
characteristic was obtained, the required value of 
the quantity V was established, and the value of 
Ip was measured. After the target-probe was bom- 
barded for the time t, the tube was opened, the col- 
lector with its deposit of active sputtered material 
was removed, and the number of counts N given by 
it during the time 7 was determined (using an ap- 
paratus of type B). The thickness of the layer on 
the collector was so small that its self-absorption 
of the radiation could be neglected. The quantity 
thus obtained, v = N/I,t7 =Ap, is proportional to 
the coefficient of sputtering 1 atoms/ion, where 
the coefficient of proportionality A depends on 1) 
the relative (constant) location of the target and 
collector, in connection with the flight of the sput- 
tered atoms in the different directions; 2) the spe- 
cific activity of the initial material of the target; 
3) the relative (constant) locations and shapes of 
the collector with the radioactive deposit and the 
radiation detector; 4) the counting efficiency. All 
that was required for the determination of this quan- 
tity A was the assumption that the flight of the 
sputtered particles in the various directions obeyed 
a cosine law, as is done at the present time!. 

As sputtering targets we used an alloy of nickel 
with 1% radioactive cobalt®° of one activity, and 
pure nickel, electrolytically coated with a layer of 
radioactive cobalt®° of another activity. The lat- 
ter emits B-rays of energy 0.32 mev and y-rays of 
energies 1.17 and 1.32 mev, has a large specific 
activity and a long half-life (5.3 years), i.e., is ex- 
tremely convenient to work with. Its activity is de- 
termined in the usual way by y-radiation. 


7S. Sonkin, Phys. Rev. 43, 788 (1933), 
® L. Koller, Phys. Rev. 47, 806 (1935). 


A typical example of the results obtained by such 
means for the relation « = f(V,,) is shown in Fig. 2 
for the case of the alloy Ni + 1% Co®. Here the 
coefficient of sputtering » by ions of mercury refers 
to the common sputtering of Co as well as Ni. 
Since the physical properties of these two metals 
are very similar (in particular they have almost the 
same heat of evaporation, Q= 4.0 ev for Ni and 
4.1 ev for Co) it is reasonable to expect that the 
ratio of these components in the sputtered deposit 
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on the collector will be the same as in the sput- 
tered target. A curve of p= Oe is shown in Fig. 


3 HO the case of the sputtering of a layer of pure 
Co®” by ions of mercury. This curve has precisely 
the Same character as the curve in Pag, Finally 
Fig. 4 shows the results in the form of the curve _ 
of p= f(V_) of the sputtering by ions of argon of 
the same target made of the alloy Ni +1% Co®® 
the method used for these measurements was essen- 
tially the same as that used with ions of mercury 
described above. On all of the curves in Figs. 2. 
4, the vertical ‘‘antennae’’ indicate the limits of 
the statistical error in the measurements of each 
point; moreover, the points representing very small 
values of the quantity V_ were redetermined as a 
control (with the same results). 
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An examination of the results obtained, presen- 
ted in Figs. 2-4, leads us to the following conclu- 
_ sions: 

1) As the energy of the sputtering ion is dimin- 
ished and approaches the threshold of sputtering, 
the basic relation p = f(V, ) does not preserve its 
linear form, but acquires E more concave character, 


somewhat similar to that obtained by us in reference 
2 for the sputtering of thoriated tungsten (see above) 
Therefore, the method used in the past for the de- 
termination of the threshold energy of sputtering 
V 9, involving a linear extrapolation from the region 
of large and medium values of V_ to small values 
is inadmissible, because it may lead to incorrect 
(too large) values of the quantity Vy: Such an ex- 
trapolation to the axis p = 0, for the determination 
of the quantity V), may be made only in our case, | 
where, by using the method of radioactive tracer 
atoms, we were able to carry out measurements of 
sputtering down to energies V_ almost equal to 
V,. Our concrete case of the sputtering of met- 
talic cobalt indicates that V) ~8 ev. 

2) For a preliminary ev amination of certain pe- 
culiarities of sputtering by mercury ions in the 
near threshold region, we compared the results ob- 
tained herein for cobalt with the results obtained 
in the past for the case_of an activated thermo- 
cathode made of a coating of thorium on tungsten 
and also, an activated film of an oxidized cathode’. 
The eae of such a comparison are presented in 
the table below. We see here the presence of in- 
dications of some regular correlation between the 
characteristic quantities V, and p of sputtering, 
and such an important nerameren of ihe sputtered 
target as the heat of evaporation On 


8,9 


faba a Atoms 

puttere 

Material pee Pe Cie. 
Co (Ni) 8 10 - 1074 el 
Th— W 13 4-104 7.8 

Oxidized | <a 026 — Re 
Cathode 


3) A comparison of Fig. 4 for sputtering by ions 
of argon with the corresponding Fig. 2 for ions of 


mercury indicates that: 1) the threshold of sputter- 
ing has approximately the same value V = 7-8 ev 
and 2) the coefficient of sputtering win the case of 
A’ is considerably larger than in the case of Hg’; 
for example, for V_ = 40 y we obtain the values 

p= 30 x 10° ew 105c1077; respectively. The last re - 
lation does not correspond to that which might be expected in 
this case from the relation between. the masses of 
the sputtering ions and the value of the coefficient 
of accomodation implied herein; however, owing 


to the possibility here of a partially SS ae in- 
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fluence of a mercury film on the target(see above), 
to insist on this at the present time is still prema 
ture. 

4) Also of great interest is the question of the 
degree of condensation on the surface of the col- 
lector under the conditions of a gaseous discharge 
of comparatively rapid sputtered atoms!9. Our pre- 
liminary experiments indicate that such condensa- 
tion on the collector of particles of metal might be 
incomplete, because during the coating of the col- 


ee 


10 R. Ditchburn, Proc. Cambr. Phil. Soc. 29, 131 
(1933); Proc. Roy. Soc. (London) A 141, 169 (1933). R. 
Tr. fiz. otd. Kharkov State University 2, 65, 73 (1950). 
Zaichik, Tr. fiz. otd. Kharkov State University 2, 65 
73 (1950). 


lector by a layer of lamp-black, the quantity of 
sputtered atoms condensed on it could become 
somewhat larger. 

Thus the results of the present work show the 
possiblity of obtaining reliable and interesting 
data concerning the question of the sputtering of 
various solid bodies in the previously inaccessible 
near threshold region by using radioactive tracer 
methods. Therefore, similar investigations are 
being expanded by us at present to a whole range 
of other objects, with the aim of establishing the 
general laws governing this phenomenon. 


Translated by D. Lieberman and M. Mestchersky 
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We have derived Lee’s differential e 
in the quantum theory of fields. 
Green’s function of spinor electr 
and ultraviolet catastrophes. 


1 ONE of the basic problems of present day quantum 

® theory of fields, and, in particular, of quantum 
electrodynamics, is the question of the behavior of 
the Green’s function when large momenta are 
involved. It is well known that, in quantum electro- 
dynamics, the expansions of the usual renormalized 
perturbation theory contain terms of the type 
(e2ln|k?/m2|)?, Due to these terms, the expansions 
can give the asymptotic behavior only in the region 
where e7In|k?/m?| <<1. There arises, therefore, 
the apparently complicated problem of summing the 
series of perturbation theories, in order to combine 
the important terms so as to put the results into 
the form 


Ff (e2 In| k2/m? |) + e? fi (e? In| k?2/m?}) +..., (1) 


In this, each of the coefficients f, f,,...f,...repre- 
sents the sum of an infinite number of Feynman 
diagrams of various orders. 

The main term f of a series of the type (1) was 
found, for the basic Green’s function of quantum 
electrodynamics, by Landau, Abrikosov and 
Khalatnikov! using asymptotic solutions of com- 
plicated integral equations which can be obtained 
by summing a definite class of ‘‘main’’ Feynman 
diagrams. However, it appears as if the problem 
of the transformation of the usual expansions of 
perturbation theory into the form (1), as well as 
a number of other problems (for example, that of 
understanding the singularity of the electronic 
Green’s function in the ‘‘ infrared region”’ 2m?) 
can be solved directly, without any summations of 
infinite series, using the renormalizing group of 
quantum electrodynamics. Attention was first called 
to the existence of such a group and to its general 
role in quantum field theory by Stiickelberg and 


: i halatnikov 
L.D.Landau, A.A.Abrikosov, and I.M.K See 
Dokl. Akad. Nauk. SSSR. 95, 497,773, 1177 (1954); 
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quations for the multiplicative normalization group 
As an example of the application of these equations, the 
odynamics has been derived in the regions of the infrared 


Petermann?, They also pointed out the possibility 


of introducing the corresponding infinitesimal opera- 
tors, and of constructing the differential equations 
of Lee. 

Starting with a different viewpoint, but in essence 
using the same renormalization group, Gell-Mann 
and Low® obtained concrete results on the behavior 
of Green’s function in the asymptotic region of 
large momenta. 

The purpose of this work is the extension of these 
ideas, and, in part, the derivation of general for- 
mulae for making use of the results of ordinary 
perturbation theory not only in the case of large 
momenta, but also in the region of the ‘ ‘infrared 
catastrophe.”’ 

2. In order to formulate clearly the equations 
describing the renormalization group of quan- 
tum electrodynamics, we recall briefly the main 
points of the procedure* for the removal of diver- 
gences from the scattering matrix, since the Green's 
functions can always be represented by this matrix 
with the help of variational derivatives. As usual, 
we will start by expanding the scattering matrix 
in powers of the interaction parameter. The co- 
efficients in such an expansion are the chronologi- 
cal 7'-products of various numbers of Lagrangians 
of the interactions. Taking advantage of the arbi- 
trariness implied in the 7’-products when all the 
arguments are equal, we can evaluate these products 
in such a way that taking into account the require- 
ments of unitarity, causality, and covariance, the 
resulting operator functions are integrable. In 


order that intermediate steps should not involve 
actual infinities, we can introduce at this stage a 
formal regularization, for example, of the Pauli- 


; E.C.Stuckelberg and A. Petermann, Helv. Phys. Acta. 
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Villars type, which can be removed after the evalua- 
tion of the singularities. The recipe obtained for 
the evaluation of the 7-products turns out to be 
equivalent to the usual subtraction formalism, 
which, in turn, is equivalent to the introduction into 
the original interaction Lagrangian of divergent 
counter terms. As aresult of this procedure we get 
an expansion of the scattering matrix, no term of 
which contains divergencies. If it is assumed that 
an expansion of this type is summable, we now have 
to do with a finite scattering matrix and a finite 
Green’s function. The finite expressions obtained 
in this way still contain an arbitrariness corres- 
ponding to the possibility of introducing (into the 
Lagrangian) finite counter terms of the same opera- 
tor structure as the basic diverging counter terms. 
This arbitrariness, however, can likewise be removed 
if it be required that the theory describe particles 
with masses and charges equal to the experimentally 
known values of m, and e,. 

As has already been noticed by Dyson, the trans- 
ition from the divergent scattering matrix to a finite 
one by use of subtraction techniques is equivalent 
(except for the counter term corresponding to intrin- 
sic mass of the electron) to the multiplicative re- 
normalization of the elementary Green’s function and 
of the charge of the electron. A more detailed 
analysis of Dyson’s discussions and their applica- 
tion to the general theory of Green’s functions shows 
that, because of the presence of the counter term 


lo (Z; rio 1) (0An/OXn)? 


(which doesn’t affect the scattering matrix elements 
because of the Lorentz conditions on acceptable 
states, and which is therefore usually thrown away), 
the subtraction procedure is equivalent to a multi- 
plicative renormalization only when the unperturbed 
photon source function is chosen to be 


Din (8) = (em — a (2) 
thus satisfying conditions of transversality. 

This requirement was not noticed by Gell-Mann 
and Low, who tried to study the group equations 
for the Green’s function of an electron by using the 
expression for the Green’s function of a photon 
which is not transverse. As a result they arrived at 
a contradiction which we will discuss later. 

As has already been mentioned, after removal 
of the infinities of the theory, there still remains a 
finite arbitrariness. We will now analyze in more 
detail this arbitrariness, paying special attention to 
its relation to the multiplicative renormalization of 
the Green’s function and of the charge on the elec- 
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tron. 

We will thus consider that, having removed the 
infinities by using some definite subtraction method, 
we have obtained finite Green’s functions G and D, 
and the vertex part of [. In this case, due to the 
identity of the mass of the electron with its experi- 
mentally observed mass, the counterterm dm is 
uniquely determined, irrespective of any new mult- 
iplicative renormalization. The counterterm Z, is 
completely determined by the requirement that the 
electronic charge be the same as the experimentally 


measured e,. At the same time, the multiplication 


0 


of the diverging constant Z, by the finite factor z, 


leads to a finite renormalization of the charge 


S| 
VAS hoy en el FN (3) 
Finally, the Counterterms Z jand Z, are found to be 
determined to within finite constants z, and zo, 
subject only to the Ward identity 
Zi 22,21; Ly > Zo223 (4) 
In view of the fact that changing the counterterm 
in the investigated situation(2) leadsto a new normal- 
ization of the Green’s function, we arrive at the 
following set of finite transformation of finite quan- 
tities. 
(5) 
21 = 2; 


Gi — Gs — ra ORE ih = Ie = eo eelig 


Is 


Dy > Dy 2,.D;; ei. 


aad 
Gi Sy SS 


The sense of the tranformations (5) is that the 
use of the quantities I',,G,,D, and e,, in the 
theory, leads to the same results as the use of 
Ties G,, D, and e,--—- that is, to a description of 
particles involving masses and charges equal to 
their experimental ones. The transformation group 
(5) represents the ‘ ‘renormalization group”’ of 
Stuckelberg and Petermann”, and makes it possible 
to get simple functional equations for the Green’s 
functions that are similar to those of Gell-Mann 
and Low.® 

3. Bearing in mind that such equations can be 
obtained, let us represent G and D in the form 
(the vertex part of I’ will be examined separately): 


j a(b2)b + hb (62) m 


G(k) = Ree (6) 
t Rmk n 
Dann (h) = e(gnm — 00") a (R), (7) 


It should be noted that the determination of G 
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and D involved two arbitrary constants 2, and z, 


which can be determined by using the following 
relations: 


ge 


when A?<0. The discussion that follows is easily 
generalized to the case of A2>0 where it suffices 
(due to the complex nature of the functions being 
studied when 4? > 0) to study only their real parts 
separately. From considerations of single valued- 
ness in momentum space it follows that a, b, and 

d have the form flk?/r?, m2/d2, e”),wherefore, upon 
fixing the momentum A, 


a@=1 where k? =: }2, (8) 


a(l, m*/2, e)=d(1,m/2,8)=1. (6 


It should be pointed out that the second of the 
conditions (8) does not appear to be necessary, 
since, if, for example, k2=A7, a=a,, then an unim- 
portant multiplying factor will be involved in the 
following discussions of a_, 

The square of the momentum A? can be directly 
related to the charge e. Insertion of (7) into the 
second equation of (5), and using the third equation 


of (5), we get 


d(k?/23, m?/23, e3) (10) 


nk [an 1 )e..); 


where es=z,) e;. 
If we assume that &°=A”, in (10), we get, from (9) 


eed (nf 0G. un” | ia, €2) (om)) 


from which there follows the functional equation 


for d 

(# im d (2/2, m? 12, €) 
haw 52%) 1) 5 2 ? 
ee ye detent yz, 2) (1.2) 


in which 


et = e a Ge i, me m i is, €3). ar 3) 


Let us now identify the charge e? 
Eqs. (12) and (13) with the observed values of the 
charge e.. In this case the true photon function 
is normalized at the point k?=0, and so has the 


occurring in 


form 


d = d°(k’/ m’, ). (14) 
We have, consequently, 
e aed (hk) mm’, e). (15) 


Let us now treat the fermion Green’s function. 
We will treat simultaneously the functions a and 


b, giving them for this purpose a general designa- 
tion s. Having written down equations for s 
analogous to (10), and having determined the 
constant z,, we get, after eliminating of z,, the 


-functional equation for s 


k2 me 9 (16) 
8(r . >, e2) 
ial t- 


9 2 2 A) 2 2 
= s(1 ae a aes Ip me oe ey) 
’ BP 


; Cn PL IeOL 
3 sh S (23/2), mH 1G; ce) 


4. We now proceed to the solution of the differ- 
ential equations for d and s. If we make the 


substitutions k*/)? =x, m?/d?2 =y, Mi /r2 =t, we can 
write (] 2) and (16) in the form 


eee a7) 


=e'd(t, y, e)d(x/t, y/t, edt, y, e)) 
and 
Ins (x, y, e?) = Ins(x/t, y/t, ed(t, y, e2)) 
(18) 


+ Ins {t,Vne?)— ln sly peed. Skee). 


If we differentiate (17) and (18) with respect to 
x and then let t=x, we get the sought-for Lee 
equations in the form 


Oe'd (x, ye?) ed (Gaanee) 
Ox x 


x [a4 (é 2 d(x, y, eee 


Chistes yee h 


Ox x 


x ls Ins( =, ed (x, Y, *)) | ; 


We now see that to get the functions d and s for 
all values of their arguments it is sufficient to 
determine d(k?/X?, We e”) and ee /Aa, Me e”) 
only in the neighborhood of k?/?~1, for which 
one can use usual perturbation theory. 

The equations obtained illustrate the fact 
that due to the renormalization group it is 
possible to vary the scale of momenta, at the 
same time changing the charge. 

We now notice that actually we have only to 
solve equation (19), since, for a given d, the ex- 
pression for s can be obtained from (20) by simple 
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quadrature: 


oe) ea 


Sey Vs ce”) 


= \ = [sin s(é, Lerd(z, y, CN 


The charge e? appearing here is related to the 
experimental charge en by the expression 


ed (R?/d, ia he e”) 


= ed’ (hk /m*, e), 


which makes it possible to consider e? as a func- 
tion of A. 

We now make use of the general group equations 
that we have obtained, for the region of large 
impulses: |m?/k*|<<1. When we set A2~k?, we 
see that in the given region the expression 


2 - 
end (h/i?, €3) = ed (k*/2", 0, 8) (a9) 
when k2<0 asymptctically approaches ed (kh 2/m?, 
e*). From the other side (22) is identically equal 
to e* d( k?/m?, ens For this reason, letting d°, , 


indicate the asymptotic part of the function ao. we 
have everywhere: 


210 (4272 22 24742) 2 92 
Cpdac (RK /m iCal esd (hecin me N 
where e 7=e ‘nea da llea). In exactly the same 


way, we Can convince ourselves that the expression 

2 : : . 
s(k°/m*“,e~) is the asymptotic form of the functions 
to within an unimportant constant multiplier. 

Thus, to get the asymptotic form of the functions 
in question we can insert into our equations (19), 
21) x=|k?/m?| and eliminate y. we then obtain: 

de"d (x, e?) 


2d ; 2 
SS ec (x, e2)}, (23) 


where 


o(e2) = lz a (é, e*)| (24) 


cea 


and, moreover 


S62) en iz 0 - 
te Ee \ +l Ins (6, ed) (25) 


Integrating the differential equation (23) by the 
usual method of separation of variables, we come 
to the equation obtained by Gell-Mann and Low.? 


etd d 
Zz 1 
en) a ere 
\ z@ (2) 


(26) 


Furthermore, introducing into the integral (25) a 
new variable e7d forz, we find on the basis of (23) 
an equation for the determination of s in the form 


s (x, e2) (27) 
ve S (Xo, é”) 
e?d(v) 
dz) wie ae 2 
\ AA) se Ins(é, = 
e2d (Xo) 


We now make a series of observations about the 
Gell-Mann-Low equation in the form (26). First, 
it is obvious that in order to use this equation for 
the actual determination of d , it is necessary to 
have an expression for the functiong(z). It is not 
hard to get such an expression with the help of 
perturbation theory. 

We have, in fact 


ae) ee 


and, therefore, on the basis of (24) 


ae p —~tazt...}. (28) 


Next, it is not hard to conclude, from equation (26) 
that the magnitude of e*d(x) cannot remain small 
for all values of x. Actually , for small z 


1/9(z)<(3m/z)(1 +6), 
where c is a constant. For this reason, as long as 
e“dis small, we will have: 
e2d 
Inx<3nr(1+c) \ 2 


e2 
co 


dz 3 | 
<3n(1 +e)| 5 = =CFo 


and then the corresponding: possible values of | >| are 
bounded. 

It should be pointed out that the argument of the 
function vis the square of the charge. Because of this, 
in order to understand the behavior of the Green’s 
function at extremely high momenta, when e?d becomes 
of the order of unity and larger, it is necessary to ex- 
amine the region Re large charges(strong forces). In 
this connection it should be emphasized that the struct- 
ure of ¢{z) here cannot be established on the basis of 
an analysis of a finite number of terms of an expansion 
of the type of (28). It would appear as if the region of 
such momenta is unimportant practically, since it is 
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hardly to be expected that electrodynamics, as we know 
it, ignoring as it does aN particles, is any good at 
energies of the order of me !37/2, 

However, as is correctly pointed out by Gell-Mann and 
Low, the study of this region is an interesting mathe- 
matical problem, which might be useful in the construct- 
ion of future theories. For example, if, as a result of 
more detailed investigations, it should turn out that 


then the hypothesis of Landau and Pomeranchuk con- 
cerning the essential incompleteness of present 
day electrodynamics would be confirmed. This 
follows since 


wo 
pb \ dz 
In |e |< \ze@’ 
e? 


and the possible values of [A >| are therefore boun- 
ded, which is contrary to the assumption that the 
theory is local. 

Since at present we do not have any other informa- 
tion about the behavior of the function ¢{z) than the 
expansion (28), it is necessary to restrict our- 

selves to momenta for which 


(e* ox) Ine? (mm < 1. (29) 
In this region a very simple expression for d can 
be obtained* from relations (26) and (28). 
We emphasize that even the general problem of 
the construction of the renormalized usual! expan- 
-sion for d in the form (1) in the case where (29) 
holds can be solved directly. In fact, setting (28) 
into (26) we find 


3 -1 
f—d 14 7 élnd 
+ a,e(d—1)4...= = inex, 


from which we immediately get the sought-for ex- 
pansion: 


d(x, 2) =1—L nx (30) 


+f ein(i—~Inx)+ Cae 


an expansion of 


Completely analogously we can get 
Bored : : of the function 


the type (1) for the asymptotic form 


* Comment in proof: Landau® has used this case to 
obtain corrections to the formula for d derived in Rete. 


51, D.Landau, Nils Bohr and the Development of 
Physics, London, 1955, p-52. 


s=a,b which determines the electronic Green’s 
function. For this it is only necessary to make use 


of our equation (27) and usual perturbation theory 
formulae: 


(ae, e7) =e cet in yee Gy) 


D(X; e) =o {1—“ inx 


4 
a (In? x Fo In. x) 4 tee hs 


where c, b ,, «,,*,are numerical coefficients. 


1? 2 
We have: 
6) 
[se Ina (6, ZN Ce? 
(a) . 3 2 
too [ eee) = Bade 


Inserting these expansions, together with (28) into 
equation (27), we will find that 


in a(x) €?)i= e?3ne(G—1). 4-223 (32) 
D(x, e7) Poe eo 
In Tha Sa 1 


+ (a + iy) (d — 1) be 


In order to get expressions of the type (1) for the 
functions a,b, it remains only to use d from equation 


(30). 

If we restrict ourselves to the main terms, we get 
the formulae of Landau et al?. 

We emphasize that the formulae (31) have been 
obtained from perturbation theory using only the 
transverse source function of the photon (2). It 
is easy to see that if we use, instead of (2), the 
usual coupling 


c . matt 
Dn = Tee 


we arrive, in (32) at relations not agreeing with the 
true asymptotic behavior (1) for this situation. As 
we have mentioned, this contradiction was reached 
by Gell-Mann and Low who worked with the usual 
photon couplings. 

As we see, the method used here does not require 
summation over infinite systems of Feynman dia- 
erams. In order to determine the series (1) through 
members of order e2” it is sufficient to have for 
the functions d,a,b, being investigated, only for- 
niulae of the usual renormalized perturbation theory 


ont 5 : 
to an accuracy of order e 2 Their conversion 
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into form (1) is merely an algebraic operation. 

All these remarks have been on the use of the 
general Lee equations of renormalized groups that 
we have obtained for the purpose of constructing 
the asymptotic parts of the Green’s function for 
large impulses. We emphasize that the meaning of 
these equations is not at all limited by such a use. 

For example, let us examine the region k2~?2 
in which the electronic Green’s function has a 
singularity. Since d here is regular, we are interes- 


: h2/ m2 
S(R? | m*, e2) . dx 
S (A, / me?) i mi 
R21? 


The interval of integration has to be taken as indi- 
cated in order not to fall into the pole x-1=0. For 
this reason we set k*/m?>1, ké/m?>1 or k?/m?<1, 


helm <1. In order to use in ptactice, the relation 
(34) for the determination of s, we see that it is 
necessary to know the function S(&,x-1,e~) only in 


é Bate foe 
A(Epyye* "I = 


an 


we find 


[= InA(i, x—1, ed)| 


g=1 
302 ua Dina 2) ; 
ee eee ae so I 
(o] 
Bu: E> pe eee 
loz NB, x le i 
_ Ber f(x—1)Injx—1[ x44 
=— (Oe | +... 
and from (34) we get 
Gialee2) 
(Ca Moe 


es (| A= 1 iin hers (| Xo — ] Dig tees : 


b (x, 1, e”) 


—(3e2/47) (1-+4)) 
b (ie: 1, e) (| Ca I I) 


Ket eee hee (1+-¥o)/.to 


0 
[x MSG 2-1, d(x, 1, et] 


_——_— —_ 


1+-éy 


Bie By = sigeree, P2ceGY In 
Oy) I re (Tae oe ee 


ee ge 1 e* a= e2 ee 


ted only in the functions s=a,b. It will be convenient 
to express them in the form 


ke om? - (33) 
Si Se > >r> C. ) 


p2— m2 172—m? : 
=S (p= ao eee 


Let us now return to equation (21) and set y=1. 
Then, using the representation (33) we will get: 


(34) 


=1 


the infinitesimally small region of the point 
balk? an?)/(0\2-m2 = 1, which is its point of normal- 
ization’. For this reason, in order to obtain the 
part of (34) in square brackets, we again use per- 
terbation theory formulae. 

Taking the second approximation: 


In y ; 
Pag) Fees 


09 


From this we see that the functions a,b, near 
2 e : : . 
k*~m*~ have the well known ‘‘ infrared singularity.” 


R2 |\—3e2/on 
a~ap(|1— |) 3 (35) 


b~o(\1—- 5 yr. 


Such a behavior for these functions actually fol- 
lows directly from (34). Indeed the main part of the 
integral on the right side of this equation in the 
region of interest will be: 


a(e*) In| | — =| 


and, for this reason, the main part of the function 
s will be 


R2 
€ or 


a (e) , 
;C= const, 


(36) 


We have seen that second order perturbation theory 
gives for the exponent «(e”) the value -3e2/27. 

We now make some remarks on vertex parts. Let 
us take for example, the vertex value of [ with two 
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electron lines and one photon line. The transforma 
tion law for [‘in the multiplicative renormalization 
group, as is well known, will be 


pas = eal (37) 


whereupon 


Qi eg. 
; (38) 


From the other side, under our ‘ ‘A-normalization”’ 
the I’ function, from considerations of single val- 
uedness in momentum space must have the form 


5 


kR—q m 


4 2 
m=z, Rae © m8 é). 


We find, then, from (37) and (38) 


r(. 1, =. &,] (39) 
a aca ee p= ym é).. 
~ G02 wd) Va’ me? ™ 

in which 

eee desis; mpe a). 


If here we take AG , to be of the order of the 
larger of the quantities |k7|, |(k-q)*|, |q?|, we can, 
using these formulae, study the behavior of I" for 
arbitrary values of k,k-q,g as the largest of the 


quantities | £2 /m2|, |(k — g)?/m?|, |9q2/m?| 


gets to be of the order of unity. 
We note, in conclusion, that the method of re- 
normalization groups that we have presented can 


SS ae 


R2 m2 2 
SERS gE TS Seles By oe 
a(4 aT. 32 gt] = 


be carried over likewise into meson theories also. 
For example, let us consider the neutral pseudo- 
scalar theory. 


We set: 
__ ap--bm an 5 — y5f? 
Ok Apacs See har) i ? 


where m,p are the experimental masses of the 
nucleon and meson. With these designations the 
renormalization group will be (if we neglect some 
difficulties connected with the introduction of a 
direct meson-meson interaction, arising from the 
presence of the known four vertex part):* 

(40) 


! 
YW = 250, BO 0 2 


if —_> 1pU => PEAY, 


dsd' = 230 ee” — ge (2:20 |)?23 


It is convenient, further, to introduce the function 


6 = d-q?.T2, (41) 


for which 
g'?d’ — 


gs. (42) 
We now make use of A-normalization, and set 
d=|é=1 for pear’. Then, drawing on considerations 
of single valuedness in momentum space, we note 
that all functions being studied will depend only 
on the arguments 


ple, m2, p2/r2, g? 
For this reason, we get from (40) and (41): 


43 
8 (R95, m? 125, w? 13, £3) My 


HOS Deca fan Ua en a Re 


= 250 (i /ta, m [hy wih 22) 


F kom? yt) ss u2 . SCRA) 92, eae, ee) 
eae at? 


8008 198) me PBA J 92 2)” 


** Remark in Proof. An investigation of the renormal- 
ization group in meson theory taking into account direct 
meson-meson interactions has recently been carried out 
by one of the authors.® 

© D.V.Shirkov, Dokl. Akad. Nauk. SSSR, 105, 972 
(1955). 


where s=a,b,I',d. 
Hence, arguing as before, we get the general 
Lee equations in the form 
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0 d 275 (x, 2, 2?) a toy (ited y a ay ON 
FAB he Nees Be) ei ae oa RN eo (44) 
) is de @ a ae 
Gy [ins (x, y, es 2*)] = A/F ins(&,% oD wy 3\] 
In the region of high momenta, when \k2/m?|>1, into which we can introduce perturbation theory 
ke? /4?-|>>1, equations (44) can be simplified, just formulae. Completely analogous equations can be 
as in the, case of electrodynamics, by setting written for charge symmetrical theories. 
x-|k*/m*| and discarding y and z. 
ie then obtain: 
ran) > ra . ee by A. Turkevich 
Vg aia oO =a ht O], 
g2 
( ce? dix, g?) 
Sie) ; dt 
nee \ worl sea) 
€2 d(Xo, 2?) 
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A method is developed for calculating Feynman integrals with logarithmic accuracy, 
working to any order of perturbation theory. The method is applied to calculate the ver- 
tex part in quantum electrodynamics for a certain range of values of the momenta. The 
result is displayed as the sum of a perturbation series. 


The technique of Feynman! for calculating ma- 
trix elements in quantum electrodynamics is only 
suitable for the lowest-order approximations, since 
the algebraic complexities increase extremely ra 
pidly when we consider contributions to the matrix 
element from higher-order perturbations. When per- 
turbation theory is not applicable and it is neces- 
sary to consider the sum of the entire perturbation 
series*, another technique must be developed. For 
example, one elegent method? of calculating inte- 
erals with logarithmic accuracy depends on chang- 
ing k, into iky. This method is, however, not app- 


licable to all cases. In particular, it is inapplicable 


to the calculation of the vertex part I’, (org: Din 


T= lin 
e—-+0 


In what follows we shall everywhere omit the limit- 
' ing process, simply choosing « to be a positive 
number so small that it does not make any contri- 
bution in the final result. We shall evaluate (1) 


supposing that 


eel p74 12), (2) 
where 1 =p—q. For simplicity we assume 
[pala 1, (3) 


* . 
We do not need to worry about the divergence of the 


perturbation series,” which occurs at much higher 
energies than those which we consider. 


oReP: Feynman, Phys. Rev. 76, 769 (1949) 


Py) yal cons Phys. Rev 8501031 (1952). 

3. D. Landau, A. A. Abrikosov and I. M. Khalatni- 
kov, Dokl. Akad. Nauk. SSSR 95, 497, 773, 1177 and 
96, 261 (1954). 
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[(p — k)? — m? + ie] [(¢ — FR)? — m? + ie] (R? + ic) © 


the case when the absolute value of the square of 
one of the vectors p, q, /is much larger than the 
absolute squares of the other two vectors. This 
case is especially important for concrete physical 
applications. There appear in this case terms with 
the structure e7L jp», a product of two big loga- 
rithms entering with each power of e? (we call 
these doubly-logarithmic terms). But the earlier 
method? can give only terms with the structure 
e*L (singly-logarithmic terms), in which one large 
logarithm enters with each power of e?. 

1. To explain the method * of obtaining the 
doubly-logarithmic terms, we shall consider as an 
example the integral 


d*e 
(1) 


which allows us to omit m” in the first two factors 
of the denominator in (1). 

From (2) it follows that to a close approximation 
1? = ~2nq, which allows us to rewrite (2) in the 
form 


lpPq|>| p71, 1921. (2a) 


Hence it is clear that the squares of the vectors p, 
q, are very smal] compared with the squares of 
their components; the squares of the vectors p, q 
are almost null. 


tye : 
n this paper the Feynman notations are used: 


PI = PoFo — PQ = Podo — P191 — Peta — P33, 


d'k = (2n)-? dk, dk, dks dks. 


are integral (1) is singular. To define it precisely 
we have to specify the Feynman rules for integrating 
round the poles. This is done by adding infinitesimal 
imaginary terms to the factors in the denominator. 
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It is very useful, and appropriate to the nature of 
the problem, to introduce variables u, v, x, in terms 
of which the vector & takes the form 
k=kytk, =uptvugtkis RL =—*%. (4) 
The vectork is perpendicular to p and q, while ky 
lies in the plane of p and q. “hen the inequality 
(2) holds, the time-axis can be chosen to lie in the 
plane of p and q. Therefore the vector fyis space- 
like, and the variable x takes only positive values 
co 

A rigorous argument (see Appendix 1) shows 
that the region in which doubly-logarithmic terms 
appear is limited by the inequalities 


aa hh ee Lae eel ie hod i) eer(S) 


x% <min[| Fa], | 27]. 


In this region the integrand, written in terms of the 
new variables, simplifies considerably, and the in- 
tegral (1) takes the form 

4 ( du du dx 
cs Sr le] ) “av x+luy—ie- (6) 


In (6) we carry out the integration with respect to 
oe min[|27u| \27»|] 
\ __ ax — 1 1] 
’ x-+Puv—ie~ “MMT Gy]? Tal] 


+ [1 — sign (2uv)). 


The first term vanishes after integration with re- 
spect to u or v, and the second gives 


P= (1/4) in 2 fp inl a? |. (7) 


It is to be noted that only the imaginary part of 
the result of the x-integration is significant, and 
this imaginary part is different from zero and equal 
to iz only when 

(8) 


Puy = (0), 


In the more complicated problem considered below, 
we carry out the integrations in the same order; 
after the x- integration we obtain an imaginary re- 
sult, with the range of the subsequent wu and v in- 
tegrations limited by the same inequality (8), 

We may define the region determined by the in- 
equalities (5) as the region in which the integrand 
is logarithmically maximal As we see from (6), 
the integrand is in fact triply-logarithmic in this 


region. Rut various pats of the range of integra- 
tion almost compensate each other. One of the 
logarithmic integrations gives an imaginary result 
of the order of unity instead of a large logarithm. 

2. We calculate the vertex part ety: q; 1) in 
the region of values of the momenta defined by the 
inequalities (2), (3). In second-order perturbation 
theory it is given by the integral 


: (9) 


e2 
Th 


T? (p, gi ) = 


x te (P—AYo(G— Ae 
((P—*)? + tel Cg — AP + ie) [+ Fe] 


The numerator may be expressed in terms of the 
new variables in the form 


a 


pl he GR), (10) 


=1,[p(1—u)—vg—&] 


xX 7,[¢(1 —v)—up—,} 4, 


We average over the direction of the vector hk, 
Terms linear in kj then vanish, while the quadra- 
tic term becomes 


A A 


Ry Tor) = "/2 hi 8 


tubbed see vee 


a 5 
| X89 95 Ta Too: 
Here 6, No is a symmetric matrix defined by 


Sine Pe = ne Fo => Sine ine eae (12) 


We are not interested in obtaining an explicit re- 
presentation of ra It will be enough for our 
purposes to know tifdt the eigenvalues of the ma- 


trix 0, are 0 and 1 according to (12), so that 
the matrix is of the order of magnitude unity. Sub- 
stituting (11) into (10) we obtain 


1, (P( —u)— vq) 7,191 —v)—uply, (13) 


— [2X8 4, Vplale late 
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In the region of momenta defined by the ine quali- 
ties (5), all terms other than the term y Ved 
are negligible, since the presence of the small 
factors u, v, (x/l?) converts one of the integrations 
from logarithmic to non-logarithmic. Conse quently 
all such terms are singly-logarithmic and represent 
small corrections to the main term. As is well- 


known, the term with £2 in the numerator contains a 


logarithmic divergence which is removed by renor- 
malization, the remainder after renormalization 
being singly-logarithmic. Since we are neglecting 
such terms, the process of renormalization can for 
our purposes be reduced to the following simple 
rules: (1) all singly-logarithmic terms are dropped, 
whether they are convergent or divergent; (2) the 
symbol e denotes the renormalized experimental 
charge. 

We consider the only surviving term in (13), 
namely 


Tp Plo Mus 4) 


The operator I’, (p, q; 1) always appears in dia- 

grams with an electron Green’s function on either 

side, 

15 
G(p)T.(p, 9; 1) G (q). 

Now for p2 >> m?, G(p) takes the form (f/p?). The 

operator (14), with the numerators of the Green’s 

functions on each side, becomes 

oe ae (16) 
Pi; Pe. G19: 

When the operators are commuted by the usual 

- rules, (16) may be written in the form 


= PTI — 29 Pig P + 40gP IgG © 17 


Voy 


d'h, d*Rp 
5 2 : 
ki + is ky ie 


[(p — Ax)? + ie] [(p — 21 — Re)? + ie] .. (¢ 


a 
Q> 
| 
3 
= 
ot 
4 
of 
& 
aa 
Q> 
| 


We mentioned earlier that p and q are vectors with 


large components but with small lengths. Therefore 


the terms containing p” and q” explicitly are neg- 


ligible, and (17) can be replaced to a good approxi- 


mation by its last term 


PUPA.  4POP Ig = — Pr g. (18) 
The original operator (14) thus becomes 
1p Pla Wy = 4PVig = — Wye (19) 
Therefore 
BE (20) 


d*k 


and so Eq. (7) gives 


(21) 
T's’ (p, g; 2) = — (e { 2n) 


X'In| 2/p?|in|2/4¢? | %- 


We now carry out the calculation of Do, q; l) 
in the (2n)’th order of perturbation theory. Using 
the method described in Appendix 2, one can 
verify that the terms with the greatest number of 
large logarithmic factors, i. e. terms of the type 
e“L, L., are precisely those in which all the vir- 
tual photon lines overlap the point of emission of 
the external photon l. The general term of this type in 
the (2n)’th order contribution to D5 (p, q; l) is 


A A a “A “A eR i ms (22) 
(p — 1) Yu, (Pp — #1 —Fa)- ++ Yay = i Jy 
1 
4 


Go 
2 
ts) +e| 


ink é,,] as 


cee G Faas k;,) Yup, 


‘Ap 
a + ie 
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Fere bese simile 
gerasl 02, 1.9: se Wheni.,, loyal al, DANCE | 
we have the so-called “ladder diagram’’ in which 
the virtual photon lines do not intersect. For all 
other permutations i,, ..., i,, Some of the photon 
lines will intersect. 

Just as in the calculation of the second-order 
contribution, all the k may be dropped from the 
numerator of the integrand. Any term containing 
gives rise to a lower power of the 


in is a permutation of the inte- 


even a single k, 
large logarithm and is therefore a small] correction 
to the main term. After dropping the k,, the opera- 
tor remaining in the numerator is 


(23) 


A a 


ROU Ror 
1 


Ty Plu? 00 TypP TF Ty;, q lip 
As in the step from (14) to (16), we multiply (23) 
on each side by operators arising from electron 
Green’s functions, and we commute the operators 
p with se, and @ with ie dropping the small 
terms in which p? or 4? appears explicitely. After 
removing the p and q which belong to the electron 
Green’s functions, we obtain the approximate 
equation 


sea ee ee err!) 
Tu P ling? ++ Vag h ToT ay My 0 My, 


1 L 


n 


x|(¢— pa fy + hi,) bie] Mg — BaP ee)? 


To evaluate (25), we introduce the variables Uj> 
Via Xiy which we used in the derivation of Fa. (7). 
As we remarked in connection with the integral (1), 


the region which gives doubly-logarithmic terms is 

limited by the inequalities (5) for each triad of 

variables u,, V;, x; The important region is in 

fact even praller and its true limits will be de- 

termined below. 

Ry analogy with the derivation of (7), we shall 

suppose that kyi may be neglected in every factor 
of the denominator except (ee This can be justi- 
fied by an exact argument. In fact all our estimates 
reduce to the determination of the region in which 
the integral is logarithmically maximal. 

We first integrate with respect to x,» keeping only 
the imaginary part of the result. This gives 
\ EAS = Gl eee, <0 

k= + ie | oO Pu;v; > 0. (26) 


It remains to integrate with respect to u; and v. the 
integral i 


(27) 
2 u 
ye gion (12 da ae, du, 
(edge Sign (2)) (es tare 
| 4x \ uy Uy uy TU, fia 
av; 
tn 
me 
ca + in} Sea 
dv; dy; 
x is 
Ci Sa U; U 


oN 1 iy 


All the integrations give alogarithm only in the 
ranges 


(28) 


[ ey | ee [eg eee Lorls 


[24h 1.04] KK pl 


Taking (28) together with (5) for each variable, we 
obtain 
(29) 


IPPI<|nl<lal<...<jul< Ne 
iam ce Cale aoe | ae rie Se [OO eeeeealle 


Using (29) with (26), we can write down immediately 
the value of (22), 


x 1 { e | [2 
to Gaye 3 I] > | In| 


iis (30) 


The result is identical for all diagrams of the type 
under consideration. The existence of diagrams 


ie 
q 
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with intersecting virtual photon lines makes in- 
valid the replacement of the summation of the per- 


turbation series by an integral equation3, Therefore 
in our case the integral equation derived by Landau 


et al. is incorrect. 

The number of relevent diagrams in the (2n)’th 
order is equal to (n!)(the number of permutations 
iy, 12, ..., t,), We can now sum the contributions 
from these diagrams over all values of n, and ob- 
tain 


(31) 


aI 


rand 3 (Sell 


This expression for I’,(p, q; J) may be regarded as 
the scattering matrix element of a bound electron 


by an external field or by a virtual photon. Equation 


(31) shows that the probahility of such a scattering 
tends to zero as |/* | tends to infinity. Processes 
in which a large number of real photons are simul- 
taneously emitted‘ will occur with much greater 
probability. The method developed in the present 
paper is in no way limited to the problem here con- 
sidered. 

In conclusion [ express my thanks to Acade- 
mician L, D. Landau and Professor I. Ia. Pomeran- 
chuk for suggesting the problem and for their con- 
stant attention, and to A. A. Abrikosov for many 
valuable comments. 


APPENDIX 


1. For the purpose of calculating integrals with 
logarithmic accuracy, it is advantageous to intro- 
duce instead of the vectors p, q the pair p4 7” 

- given by 


P=p—%q, Gg =q—up, 


with &1> % chosen so that the squares of p “and 
q’ are rigorously zero. Since the squares of p and 
gq are ‘‘almost’’ zero, a, and a, are small quanti- 
ties. With high accuracy we may write 


(Al) 


uy = @/2pq=— FIP, (A2) 
te Pe pg— — i. 


Since a, &, are small, the transformation (Al) can 


4 A. A, Abrikosov, J. Exper. Theoret. Phys. USSR 
30, 96 (1956); Soviet Phys. JETP 3, 71 (1956) 


be inverted to give 


pH=pt+ugq’, gqHqUt+up’. (A3) 


We resolve the vector k \ along p’ and q’ and obtain 


Ay = u'p' + 0'q'. (A4) 


In terms of the new variables, the integral (1) 
becomes 


7 elt 1 (A5) 
81 WP (1 ss u’) oa — oy) = at ie] 
[? (4—v’) (w’ — 0) —x + ie] (— Pu'v’— x + ie} 


The advantage of the variables u’, v’ lies in the 
fact that according to (A5) the factors of the de- 
nominator are linear in each of u’ and v~ This 
considerably simplifies the investigation of the 
region in which wu‘, v’ take very small or large 
values. It is especially easy to find the region in 
which the integrand is logarithmically maximal 

in terms of the variables u’, v4 the upper bounds 
of the inequalities (5) are thus obtained imme- 
diately. 

We calculate the integral (A5), integrating with 
respect to u’ from —~ to +, then with respect to 
x, and finally with respect to v+ The wu’ integra 
tion can be converted into a closed contour in the 
complex u’plane by the addition of a semi-circle 
of infinite radius either above or below the real 
axis; the integral then reduces to a sum of residues 
at the poles of the integrand. If the coefficients 
of u’ in the three factors of the denominator have 
the same sign, then the closed contour encloses 
either all three poles or none at all. In either case 
the integral vanishes. To prove this we need only 
consider the second case. The sum of the three 
residues is proportional to the coefficient of u Ae 
in the expansion of the integrand in negative pow- 
ers of u’, and this expansion obviously begins 
witha term in u’~° 

Therefore the limits of the integration with re- 
spect to u’ are given by 


min [0, %)]<u0<l. (A6) 


We can easily ascertain that the region | v’| ~ |ao| 
does not give a doubly-logarithmic contribution. 
In the region |a,| <<v’< 1, the expression ob- 
tained after the u~ integration takes the form 
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(A7) 


(14 — wv’) du'dx 
(Poo — ae Fao I 


: al 
L 
pot ( 
v' >| 22) 


The value of the elementary integral (A7) coin- 
cides with Eq, (7), as was to be expected. The 
important region in the integral (A7) is limited by 
the inequalities 


(A8) 


Ja Porl<x<|v'|, |al<v <i. 


We can now simplify the expression (A5) by using 
the condition | v’| <<] at an earlier stage. We 

may also limit uw” by the condition |u’| <<1. Con- 
sequently we can now carry through the whole cal- 
culation with the simplified integral S 
{ i?| 


= ( (DC? eae (A9) 


ee ee Eee: 
xX [P(u’ —a,) — x + ie] Sroesreank 


We retained the x in all terms of (A9); if the u+in- 
tegration is now performed first, the condition x 
<< |v’| follows automatically, and also the con- 
dition v’>0. Recause of the symmetry of the in- 
tegral (A9), we could equally well begin with the 
v “integration, thus obtaining another upper bound 
to the important range for x(x <<|u’|), and fixing 
the sign of u“(u’>0). Therefore, so far as dou- 
bly-logarithmic terms are concerned, the integral 
(A9) supplemented by the conditions 


fais ose (A10) 


is equivalent to the integral (A7). The most sym- 
metrical way of evaluating (A9) is to integrate 


first with respect to x between the limits 0 < x 
<< |1?u1, |12v’|, which allow us to retain x only 
in the last factor of the denominator. The neglect 
of the other poles is equivalent to dropping a part 
of the integrand which vanishes after further inte- 
eration. 

The calculation has been carried out with the 
same accuracy as the derivation of Eq. (7), with 
this difference, that we have not excluded fromthe 
beginning the region |u| ~ lo, |, |vt~ |a,|, but 
have verified that this region is unimportant. In 
this region the variables u, v, can differ ereatly from 
uy v3 So even if the contribution from the region 
can be easily estimated in terms of the variables 
u’, v’, the same is by no means true of the variables 


u, v. For practical calculations, however, it is 
more convenient to use the variables u, v, limiting 
the range of the variables beforehand to the region 
GENE 
2. The same method can be applied to calculate 
terms of order e? L, when they are the largest non- 
vanishing terms*. This situation arises in the 
calculation of I',(p, q; 1) by second-order pertur- 
bation theory, when |p?| >> |q?| and |/*| >> m?. 
As the simplest example which shows how to 
reformulate the method, we shall calculate an in- 
tegral which differs from (A5) by an extra factor 
v’™ in the numerator, m being a positive integer. 
The integrations with respect to u’ and x are com- 
pletely unchanged; the integra] with respect to v” 
ceases to be logarithmic and is to be taken be- 
tween the precise limits 0 <v’< 1. The integral 
which we shall calculate is 


lees RR, } (All) 


¢ [tu, RR] de 
ie \itp —k)’ + de] (gy — RP + ie] (2? + €] 


assuming the inequalities (2), (3) to hold. In the 
region |k?| << 7213 the integral (All) is equal to 


1 
ql 


where it is understood that the vector /4) is writ- 
ten in the form up + vq, and that after integration 
only the highest (first) power of the logarithm is 
to be retained. For the integral I{k,,! this is the 
only important region. For | lk, ky] the region 


1 
dv 
, = [Ry p? ky » Ry sl 


| | p2/l?] 


io du (A12) 
AL u 


[k?| >> |l2| is also important; the integral diverges 
logarithmically for large & and is made finite 

only by being cut off for |k?| > A?. In the region 
\1?| << |k?| << \® the integral (A11) takes the 

form 


\ [0, 2h] dk 
—_————— » 
[&? + ie|8 
or, after averaging over the direction of k, 


e (0, 2/4 8.) d'k 


* 
The error in the evaluation of terms of order e*L_L ; 
due to the uncertainty in the limits of the logarithmic 


integrals, is ofthe same order of magnitude as the 
terms of order e 


The last inte 


into tk, an 


al is evaluated® by changing ky 
0’ : 


as the value 


(i/16) [0, 5,,] In (02/| Z|). (A13) 


The results we have obtained can be immediately 
applied to the evaluation of the second-order con- 
tribution to I, (p, q; 1) in the case Ip?| >> |q?| 
|J?| >> m?. For this we need only introduce aes 


riables u, v, defined by 


=q(l—u)+lu+k,. (Al4) 


It is clearly advantageous to decompose ky into 


vectors whose squares are small. The variables 
u, v are defined in such a way that the main part of 
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the logarithmic integral comes from small wu and v. 
Aftersome elementary algebra, we obtain the result 


T,(p 931) = —-[F (A15) 


— 104 10 | = | — grfin| % »? 
q pe 


q? 


)+erin 


In this case no doubly-logarithmic terms appear. 


Translated by F. J. Dyson 
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The infrared catastrophe is investigated by summing over diagrams. Expressions 
are obtained for G(p) when e?/7 In mp” — myx, ] and for’ (p, q; 1) when p°g 


Sp? —m", ¢ —m’*. 


The problem of radiation of additional quanta during the scat- 


tering of an electron of arbitrary energy by an external field is considered. 


T is well known that the calculation of matrix 
elements of processes in quantum electrodynamics 

leadsto infinities having various origins. Some of the in- 
finities, which appear as aresult of the divergence 
of integrals for large energies of virtual quanta 
and pairs, originate, as has already been pointed 
out, from an incorrect description of the interac- 
tion by means of the S-function. In addition to 
these infinities (which are considered in references 
1-4) there are also others, which result from integra- 


1h ea Be Landau, A. A. Abrikosov and J. M. Khalatni- 
kov, Dokl. Akad. Nauk SSSR95, 497 (1954). 


2 L. D, Landau, A. A. Abrikosov and I. M. Khalatni- 
kov, Dokl. Akad. Nauk SSSR 95, 773 (1954). 

3L. D. Landau, A. A. Abrikosov and I. M. Khalatni- 
kov, Dokl. Akad. Nauk SSSR95, 1177 (1954) 


41L.D. Landau, A. A. Abrikosov and I. M. Khalatni- 
kov, Dokl. Akad. Nauk SSSR96, 261 (1954). 
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tion over virtual quanta with k? close to zero,when- 
ever the diagram under consideration includes a 
free electron with p? =m?. This situation always 
occurs for matrix elements of real processes and 
has been named the infrared catastrophe. It is re- 
lated to the fact that the very concept of a free 
line is a convention. 

Actually, as shown by many authors®, every proc- 
ess is accompanied by the radiation of a large 
number of low-energy quanta. For this reason, a 
properly formulated problem must take account of 
the possibility of such radiation with frequencies 
up to some maximum Or ax corresponding to the 
fact that a real experimental apparatus always 
has a limited sensitivity to small changes in the 
energy of particles taking part in the process. 


5 A. 1, Akhiezer and V. B. Berestetskii, Quantum 
Electrodynamics GTTI (1953). 


In practical calculations one usually uses the 
following device. One introduces a quantity A; 
which serves as a fictitious photon mass. Then 
when we integrate over the momentum of the vir- 
tual photon the divergent result is replaced by a 
value proportional to In (m/A_,,. Next,one con- 
siders the same process, but replaces the virtual 
quantum by areal quantum (a process of the next 
higher order, inthe preceeding approximation). It 
is not difficult to see that the cross section for 
the new process will be of the same order as the 
change in the first process which resulted from the 
introduction of the virtual quantum. We integrate 
over the momentum of the real quantum up to fre- 
quency @, ,,» So that we again introduce the fic- 
titious \_. |» When we combine the new cross sec- 
tion with the correction to the old cross section, 
the terms in In A, cancel. 

Such a procedure is completely valid for low 
energy processes and for large limiting frequencies 
@ __. As we shall see later, the necessary con- 
ditions for applicability of this procedure are: 


eof (71t/ Omar) << We fons ee 


(e*/x) In? (E/m), 


(e?/z) In (17./®max) In (E/m) EX | for > mM, 
where E is the order of magnitude of the energy 

of the process. When these conditions are violated, 
the procedure is invalid since, on the one hand, 

it becomes possible actually to radiate a large 
number of real quanta, and on the other hand vir- 
tual processes of arbitrary order begin to play an 
important role. The purpose of the present work 

is to investigate this question in general. In do- 
ing this, we shall here limit ourselves to consider- 
ing the scattering of an electron by an external 
field. However, in principle, the results obtained 
are also applicable to other processes. In addition 
to the infrared catastrophe and the question of the 
radiation of soft quanta, we shall also consider 
the radiation of hard quanta during high energy 
scattering. 


1, GREEN’S FUNCTION OF AN ELECTRON 
FOR p2 ~ m? 


In reference 2 a calculation was made of the 
Green’s function G(p) and the vertex part 
ag ps q; 1) in the appropriate region. However, 
it is not hard to see that this calculation of G(p) 
and [”, applied only for p’ >>m?. For the case 
where p” is so close to m” that e?/mlnm?/(p2 — m?) 
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21, the calculation given in reference 2 is invalid, 
Since this region is directly related to the problem 
in which we are interested, we shall calculate 

G(p) and the corresponding !,, for this case. 

The equations for [", and G(p) are given in refer- 
ence l, Eq. (1.4). In solving them we can no 
longer (as was done in references 1,2) carry out a 
transition in the integrals to a four-dimensional 
Euclidean space by means of the substitution 
k + ik,, Since the vector p is essentially time- 
like. But for just this reason we can achieve 
this by the substitution k,, >-ik,,(m = 1, 2, 3). 

Let us consider the integral in the equation for 
G(p). The region of integration where k? >>m? 
gives aresult already known from reference 2, and 
is of no special interest when p? = m. But now 


there is a new region which gives rise to a loga- 


rithmic integral. This is the region p” — m? 


<< (p ~k)? — m?<< m?. 
For the case where p” ~ m”, we shall try to 


find a G(p) of the form 


m> m 
G(p)=8(m)»(— |e, 
where 6 was defined in reference 2, and vis an 

unknown slowly varying function. 

As forl’g(p,p -l; 1), we make use of the fact that 
the [.. always appears, in the cases which we 
need, with the factor P + m preceeding and fol- 
lowing it (in the region of interest to us,l? << m?, 
so that $ ~q), so we shall determine it up to terms 
which give a small contribution when bracketed 
in this way. 

We shall show that Rao; p— 1; l) should be of 


the form 


(p+m)To(p, p—L,)(p+m)= 


A a 2 m 
(Pp +m) to(p + m)a(m?) »(—$——), 
where pis a slowly varying function. In fact, 
looking at the integral in the equation for ["_, we 
see that the region of integration k2 >> m together 
with the term y, in the equation gives us the 
known result ya(m?). In this way all the terms 
in the equation can be absorbed into a(m2). But 
a logarithmic integral is obtained not unly from 
this region but also from the region q* —m” 
<<(p - &)? ~m? ce ( 

P <<m*. Here we can neglect k com- 
pared to m and, since k2 << m2, we can replace 


d) and d, by d$ and d° = |p 


(2) 


From the spinor factors appearing in the numera- 
tor of the integral we easily obtain 
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(p+ m)x,(p—k+m) (3) 
x 1,(2—~lk + m)x,(p + m) 
= 4 p.p,(p + m)7,(p + m). 


The form of the spinor agrees with that assumed 
in (2). Furthermore it is easy to see that, except for the 
the rapidly varying pert D,,,» the integrand depends eas 
on the projection of k along the direction offp ( (p — k)° 
—m?~-2k*p). Because of this we can integrate 
over the other components of k. 
Going over to aEuclidean space we obtain, as in 
reference 2, the relation (in our case d*k = (27)-? 


dk dk, dk, dk,), 
d*k—> (i/n) dkpK*d|K |, (4) 


where the vector K is perpendicular to k.. 
Resolving the & which appears in Spe along 
k vand K, integrating over K and making a change 
of variables, we obtain for p(7) the equation 
n 
s()=1-£ Gd — ad) |W @*@az, ©) 


0 


_ where 7) = In (m?/(p - 1)? — m2). In integrating 
over & we considered only those terms which give 
a logarithmic integral with respect to k_, In ad- 
dition we assumed that changing the sign of q” — 
m” in u has no essential effect on its magnitude 
(as will be evident from the result). Equation (5) 

“ confirms the correctness of the form assumed for 
[, in Eq. (2). 

We now look at the integral in the equation for 
G(p)1*4 in the interesting region where p2—m? 
<< (p —k)? —m? << m?. It is not hard to show that 
the integral in this region is of order J k-*d*k so 
that, as in reference 2, we must include contri- 

- butions to G(p — &) and to Pa in the integral of 
order (p? — m?)/[(p — k)? — m2]. The correction to 
G(p) is obtained simply by expanding the denomi- 
nator of formula (1) for G(p — k). The correction to 
Be is gotten from the equation for be given in 
reference 1, Eq. (1). In the present case the impor- 
tant range in the integral in the equation for!” is 
Be te (ph) Sn << (p =D? — mn In 
this region the integral is of order {k7? dk, and 
therefore, as is easily seen, the main terms are 
those of order (p? — m?)/[(p — k)? - m? | in the 
first G(p — k) and the first Tp, p —k;k). The 
corrections to the other terms in |" and G are unin- 
portant. 


The correction to iS should be of the form 
(p+ m)‘" (p, p—1; L)(p + m) (6) 


= «(m*)(p + m) 1, (p+ m) 


2 2 
x Gem Oly — m, (p— 1)? — m4}, 


Substituting in the equation for ro we get an 
equation for 6: 


(8, 9) = — $(3d?— a) v(x) »? (1) Fi 


4 
x |e @ +486 a) v@)az. 


Now substituting the corrections to G and!” in 
the equation for Gand using previous results "4, 
we obtain an equation for v: 


4 (8) 


CO 0 
may 1-5 047 =a) 


Eg 
x V1) +36 dy@az. 


Equations (5), (7), (8), enable us to determine 
p. and v. However there is no need to solve them 
directly. Actually, according to Ward’s theorem ©, 
the re lation: 


n(n) ¥ (7) =1 (9) 


must hold. But then Eq. (5) gives us the function 
p(y) in the form: 


# (4) = exp [—(e?/2n) (3a? — df) a). 


The solution of equation (7) also presents no 
difficulties, and leads to the following form for 


HE 7m): 


3(E, 1) / u(x) ey 
= 1 — exp {(e2/2n) (3d? — a9) (n—8)}. 


(10) 


Substituting this in equation (8), which can be 
written in the form 1/44 =1— 6 (6 0), werget 


© J. Ward, Phys. Rev. 78, 182 (1950). 
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v(@) = exp [(e2/2n) (3d? — di) §]. (12) 


This formula satisfies (9), as required.* 


2 
2. THE VERTEX PART WHEN p .g>>p —m?, 


q? — m2. 


In the preceding section we have already calculated 
one of the vertex parts d the type of interest to us 
here, namely I, (p,q;l) for p? = mn gems of 
<<m?*. The other type of vertex -- I”, (p, g;l) for 1? 
Spgs Pp o> im. g o> mm, was foaud ina 
paper by Sudakov.? Here we consider the general 
case, making no restrictions on the vectors other 
than p* q>> p? — m*, q? —m*. As before, we 
shall sum only over the principal terms, i.e., those 
containing the maximum logarithmic terms in e?. 
In particular, we shall not include terms of order 
e*In(1*/m?). For convenience of presentation, 


we shall use the symbols p? — m? = 2mAm _ and 
2 2= ImAmy, 


In the integrals representing the successive 
approximations to the vertex part, there are parts 
which include an integration over momenta of 
virtual quanta greater than the norms of the real 
momenta (in our case 1” and m”) which appear in 
the vertex part. If we separate this part in each of 
the integrals, it is not hard to see that together 
with the free term, the part containing only inte- 
grals over this region gives yf 1*) (just as in 
reference 2). In each of the remaining integrals, 
it turns out that the integration over k >>/ (or m) 
must, if we neglect small terms, be carried out 
along a line lying closer to the principal vertex 
than that for the integrals with k <<1 (or m). All 
this leads to the result that in the successive 
approximations for I", we can integrate only over 
k <<I (or m), and take account of the integrals 
over the other region by a factor «(J)? common to 
all terms, which determines the dependence of the 
integral on the “‘cutoff’’ limit. The dependence 
on J * given by this factor is unimportant in our 
case since, as we shall see later, there are terms 


in I” of order [e? In?(12/m?) J", which are much 
greater than the terms arising from of] *) which are 


* The producttt (4) ¥ (4) does not depend on p- —m’, 
So that at first glance it seems that the infrared catas- 
trophe does not occur. Actually, the scattering matrix 
element contains terms in the exponent of order e2 [2 

m- aes 
Gy tee tn) ™ m 
p* — m*whose determination goes beyond the accu- 
racy of this section. (cf. later sections), 


7 V. V. Sudakov, J. Exper. Theoret. Phys. USSR 30, 
87, (1956).Soviet Phys. JETP 3, 65 (1956). 


n 
of order [ e2 In(12/m?) ]. Because of this, we can 
always take o(/2) = a(m”). In calculating the in- 
tegrals for k << 1, we use a method similar to that 
developed in the paper of Sudakov’. The principal 
part of the integral is gotten by resolving & along 
p,g, and in the plane perpendicular to these vec- 
tors. In integrating over the last component we 
must take the residue for £2 =0. Thus the addi- 
tional vertex parts from the virtual quanta will be 
of the type considered in the preceding section, and 
each factor om?) from such a vertex will cancel 
against the factor B(m”) v from the factor G which 
is placed next to this I" on the side toward the 
fundamental vertex. So, in calculating the vertex 
parts which we need, we can use the zeroth order 
result from neighboring !’s and G’s. 

To make clear what the region of integration is, we 
shall first consider i in first approximation. We 
begin with the part containing d,k78 It has 
the the well-known form 


e ( Yp(P—R+m)yo(G—k +m) y,4,(#) de (13) 
Th 


[p= heat [gee ayes 
We introduce variables u,v, x: 


an au—av 29 — 9 
& = p( ae—i1 )+9( SEH) +a, (14) 
+= —hi, a= (pq)/m?. 


In terms of these variables, the volume element 
in k-space is 


dk = (m?/4n)a®(a2—1)_* dxdudv. (5) 


Expressed in terms of these variables, the impor- 
tant expressions which appear in the denominators 
are equal to 

(16) 


k? = ma? (a? — 1) (2auv — 22 — uv?) — x, 

(p — k)? — m? = 2mAm, — 2(pq)v + R?, 

(g — k)? — m? = 2mAm, — 2(pq)u + R?. 

Since x is positive (integration region 0 — &), y 
and v must be chosen so that the point k? =0 
corresponds tox >0. This requires that 2auv 
—u* —v*>0. We shall take a>.0e7—1 5 ie 
The contrary case is treated similarly, or even 
more simply by analytic continuation. Thus the 


integration must extend over the region between 
the two lines 


(17) 
ty, = v(a + Va? — J), 
ty = U(a—Var— 1) = o/(a +Vat—1), 
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In addition it is clear from Eq. (16) that u and v 
are limited by the conditions 


AMS | OE I, (18) 


Amja<|u|<<1, 


The limit from above corresponds to the condition 
k <<l. It is not had to see that integration over 
positive and negative regions of wu and v which 
satisfy our conditions gives the same contribution, 
and can be replaced by twice the integral over 
u>0O, v >0, In the numerator, because of the 
smallness of u, v, and x, we can drop the k. When 
we bracket |’ on the left and right with (p +m) and 
(9 +m) we get the expression 4 pqs tm)y, x 
(q +m) in the numerator. 

We introduce the variables A=—In v, p= —Inu. 
In terms of these variables, the region of integra- 
tion will have a form like that shown in Fig.1 
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(the cross-hatched part). Of course, other rela- 
tions between Ina, In (m/Am,) and In (m/Am,) are 
possible. The integral will be proportional to the 
area cross-hatched in Fig. 1. 


D n(e+Va?-1) 
i Cepek 


We shall not yet give the corresponding expres- 
sion, but will first consider the term in (d) - d,) 
This term has the form 


Tei 


If we introduce in this integral the same vari- 
ables as in (13), then the conditions (18) 

still hold. Then we can once more neglect k com- 
pared with-p and @ in the numerator, and upon mul- 
tiplying on the left and right by (p + m) and (q+ m) 
the numerator takes the form 4 p-kq-k (B +m) y,\q + m). 
Since the principal terms in square brackets of the expres- 
sion in the denominator give the product 4 pkg-k , 


upon cancelling these factors in numerator and de- 
Nominator, we get in place of (19) the much sim- 
pler integral \ ke 4d*R. 


If we express this integral in terms of u, v, and 
x, it turns out that once more the im portant region 
in the integral is that in which 2 =0, but unlike 
what we had before, now both 4 and x go to zero. 
As aresult, the integral becomes proportional to 
to the sum of the integrals [u7'du (or, what is the 
same thing fv! dv) taken along the two lines 
bounding the cross-hatched region of the type 
shown in Fig. 1. The particular form of the inte- 
gral depends on the relation between Am), Am,, 
and a, aS 

Finally we obtain for the first approximation 
een? (p, q;l) the following formula: 


(p+ m)T2 (p, g; D(g +m) 
=(p+m)r1,(qt+m(—S), 


e ¢ k(p—k+m)y,(q—k + m) kd, (22) — a, (R2)] 
\ [(p — 2)? — m?] [(q — Rk)? — m?] ke 


dh. a) 
where the function f has the form: 
f = (e?/2n) {a (a? — 1)— (20a) 


X /oy? + 206) + (1 — te} 
speed eat Fess he re 


f = (€/28) {a (a? 1)" I? a 


ae C(& oe 9) el (6 es | 
+ 4/.(1 — di) (& + §)} 


fo > 0, 


Btn >a a 
(20c) 


for E> 0, 
f= (e2/2n) P/an? + rks + 1/28) 

for ty CON, Sete Si 

f = (e?/2m) [y? + 1 (E+ &) + iS. — 2/055] (20d) 


PE ae ate ere ey NOT 


f = (e%/2n)( + 1) (q+ &) 
for —y<&<0, —n<t,<0, 
where § = In (m/Am,), in (m/Amz,), 
n= ina, © = Inlay a2 — mm). 
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In all these terms, except those of the type Ga 
in (20a) and (20b), we have taken ¢~ 7, since 
taking account of their difference would go be- 
yond our accuracy. For the same reason, the 
equations (20c), (20d) and (20e) should be taken 
for a >>1, and terms with one €or one 7 should 
be neglected. 


(p+ m)y.(p+m)w.. 


2" Du Py. GeIn 


Throughout all of this we have neglected ip cour 
pared to p and q, and the quantities po m” and 
q? — m? compared to Pudy* From formula (21) it 
is clear that the numerators of all diagrams of the 
same order are equal to one another. Differences 
can occur only in the denominators. 

First we consider diagrams with a pair of lines. 
There can only be two such: one with parallel and 
one with intersecting lines. The integrand in 
both diagrams will be proportional to 


{(pR,) (PR) + (pke)] (GR) + (Gk2)] (gky)} 
+ {(pR1) [(pRi) + (pRe)] (G1) + (g2)] (GRe)} 1. 


The integral with maximum degree of logarithmic 
divergenceis obtained from the first term when 
p-k>>p. ky, q.k, >>q.k, and from the second if 
p.k.>>p.ky, q.k, >> 4q. k, The expressions from both 
terms are the same, and so the integrations over 


qk, and qk, are independent. .If we now make 
the change of variables k, = k, , and take half 
the sum of the expression thus obtained and the 
old expression, it turns out that p:k, and p-k, 
are also independent. Since the regions of inte- 
gration are the same for both k’s, we get the 
simple result 


(p+ m) L(g + m) (22) 


= (p+ m)%.(¢ + m) (—f)?/2. 


Generalizing this to a diagram of n’th order, we 
have 


(p + m) Ty” (q + m) (23) 


= (D+ m) 1. (G + m)(— f)"/a! 


Summing all expressions of this type and noting, 
as pointed out at the beginning of this section, 


(p+ m)o(¢ +m)... %6(7 + m) tr (G +m) 
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We shall now assume that we are considering 
the n’th approximation for I’. In the correspond- 
ing diagram, n arbitrarily intersecting virtual 
lines can occur. We consider first the numera- 
tor of any diagram of this type. Upon multiplying 
on the left by (p+ m) and on the right by (¢ +m) it 
will have the form 


(21) 
(D+ mM) t0(G +m). 


that the integrals over the momenta of virtual 
quanta in the region k >>/ give a common factor 
a(m), we find the following result; 


(p+ m)V..(p, g51) (g + m) (24) 


= a(m®) (p +m) 1, (q + m)e7 


This formula coincides with formula (10), if we 
take f from (20a) or (20b) and set a> 1(n 0). If, 
however, we take f in the form (20e) we arrive at 
the result obtained by Sudakov’. 

If we consider the process of scattering of an 
electron by an external field, then to get the ma- 
trix element we must multiply (24) by the expres- 
sion corresponding to a free line. It is well known 


that to each free line there corresponds { G(p) 
x(f — m)$ /2, which in our case is equal to 


pd Bi P 0 
V Bm) ( nee [4r) (3 — dj) 


Later we shall show that only the cases (20b), 
(20d) and (20e) have a direct physical interpre- 
tation. The results for these cases are: 


Mo = (44Yotg) Calin (25) 


fr = (€7/2t) {a (a® — 1) op (26a) 
+6 (& + &2) —*/2 (G1 — §2)"] — (% + §2)} 
for & 0, & > O0.0g == qe a ee 
Fi = (67/2) [72 + bs + 1b + S182 — 1/2831 (26b) 
foro 5p ON 0 <a ee 
fi = (€7/2m) (n + &1) (4 + &) 
— 7 <0, ae 0. 


Generally speaking, when iv is an internal ver- 


(26c) 


for 
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tex, the relation between Am and Am, is arbi- 
_ trary. However,in this case we must consider 

lines which encompass several vertices, as we 
shall do for the case of one additional quantum. 


3. GENERALIZATION OF THE FEYNMAN DIA- 
GRAMS FOR OBTAINING PROBABILITIES 
OF MULTIPLE PROCESSES. 


Before we consider the question of the radiation 
of additional quanta during the scattering of an 
electron, we shall present a method which consi- 
derably simplifies the calculation of processes 
involving a large number of real particles. In this 
section we shall consider the emission of real 
pairs as well as real quanta . In the literature, the 
rules for calculating matrix elements with virtual 
quanta are presented very well (cf., for example, 
reference 5). However the situation with regard to 
the rules for finding transition probabilities is 
not so satisfactory. We shall give a simple scheme 
which enables one to find such probabilities with- 
out difficulty. 

First we consider processes in which the only 
real particles are photons. Aside from the appear- 
ance of their momenta in the propagation factors 
for virtual electrons, the presence of these pho- 

_ tons manifests itself as follows. For each initial 
photon, there is a factor 27{K| in the probability, 
where K is the photon wave vector. For all except 
one of the final photons there is a factor (2x/|K|) 
X (2z) ? K?d|K| dQ inthe probability. The momentum 
of the remain ing photon is determined by the con- 
servation laws so that it gives only a factor 27/ |K|. 
‘In addition, each photon gives rise, in the appro- 
priate place in the matrix element, to the factor 
@ where< is the polarization vector. The sum over 
polarizations is carried out by replacing €- - -€ 
in the expression for the probability by — ¥,- + -%, 
{i =0, 1, 2, 3). Finally there enters into the ex- 
pression for the probability the quantity 27d(E in 
—E,.. ) where EZ, and Ey; are the total energies 
of the initial and final states. The 6-function is 
eliminated by integrating over one of the d|K|’s. 
It is easy to see that the quantity 1/|K| can be 


written in the form 2 [ dw6(k?), where hk? =@ 
@>0 


— K2. If we integrate with respect to the momentum 
of the corresponding photon, this replacement results 
in a great similarity between real and virtual pho- 
tons. In fact, in place of Fee oo iiclas, ities, Ost.) 
aed has (8, (x)= 6 (%) = 1/ixx), which occurs for 
virtual photons, the expression 


2\ tee. te 8 (RD at 
o>0 


appears in the formula for the probability for real 
photons. The requirement w > 0 is relativistically 
invariant, and in particular signifies that the pro- 
jection of the four-vector & on any time-like vector 
nwith n >0 is positive. We note that in place of 
the factor 1/|K| for the second photon, whose mo- 
mentum is determined by the conservation laws and 
O(E.. —E;.,.), we can simply put 26> Ai) 

In doing this we still satisfy the energy conserva- 
tion law and retain the correct factor, since dE y. 
=da. 

We now go over to the case when the only real 
particles are electrons, and there are no photons 
or pairs. In this case each electron in the initial 
state contributes the expression (1/2E) (7. . . u) 
to the probability, if we use the normalization au 
= 2m. Each of the electrons in the final state, ex- 
cept one whose momentum is determined by the 
conservation laws, gives the factor QE teow 


X (2%)? p? d |p| dQ, where E is the energy of the 
electron. The last of the final state electrons gives simply 
(2E)-1(q.. .u). If we carry out the sum over elec- 
tron spins, we replace yup +m. In addition 
there is a factor 2B, — E,,.) in the probability. 

Just as in the case of photons, we can make the 
replacement 


4 =2( a(— mae. 
E>0o 
If we are dealing with an electron for which we 
integrate over the momentum and sum over the spin, 
then we arrive at the result that each such electron 


gives a factor 


\ 3 (p? — m?) d*p. 
E>0 
As for the last of the final state electrons, after 
au As over its spin we can write for it (p + m) 
brs o(P — m7), which also includes oO Oo E.. 

The similarity to virtual processes still does not 
appear explicitly in this form. In order to see the 
similarity, let us consider, for example, electron- 
electron scattering in zeroth approximation. From 
the conservation laws, it is clear that d‘p =a"q; 
where g is the momentum of the virtual quantum 
which the electrons exchange with one another. If 
we make this substitution, then the expression for 
the probability suggests the matrix element for the 
interaction of a pair of electrons with exchange of 
a pair of identical virtual photons. A similar situa- 
tion will occur in the more general case. 

Now we consider the case when pairs are pro- 
duced in a process. Since the momentum of one 
of the components of the pair is determined by the 


conservation laws if the momentum of the pair-pro- 
ducing photon is given, the integration need be 
taken over only one of the components, say the 
electron, and over the momentum of the photon pro- 
ducing the pair. In the integrand the factor (p +m) 
dr ys oP? — m*) refers to the electron, and the 

P 


factor (p —k +m) be, 4 >0((p— k)? — m*) tothe 


positron. The generalization to the case where 
real quanta, electrons, and pairs are present, pre- 
sents no difficulty. 

The rules we have given can be presented in the 
form of generalized Feynman diagrams. In fact we 
shall draw a diagram which shows a sort of doubled 
diagram for the mairix element of our process-- 

a diagram together with its mirror image (the latter 
corresponds to the Hermitian adjoint matrix ele- 
ment). We now join those photon and electron lines 
for which there is a summation over spin and inte- 
gration over momentum, provided the latter is not 
excluded by the conservation laws. We shall put 

a dash through such connected lines in order to 
distinguish them from the usual ones. After this 
the diagram will be cumpletely analogous to the 
usual Feynman diagram for a matrix element. In 
particular, real pairs will be described by a loop of 
dashed electron lines. We note that if the matrix 
element is a sum of diagrams, then in the general- 
ized diagrams each of the initial ones is joined 

in turn to the mirror images of all the others as 
well as to its own image. 

In addition to virtual and intermediate lines, the 
fundamental elements of the generalized diagram 
will be: 

1. Areal photon line. The factor for it is 


28.0>0 (R?). 


2. Areal electron line. Its factor is 


ptm y 3 
ie (p? crag ud 


3. Two identical photon lines between a pair 
of electrons, corresponding to the Coulomb inter- 
ation. The factor appearing for these lines is 


(4/q?)?. 


The integration in the generalized diagram is 
takenover all closed photon lines, dashed as well 
as undashed, and over electron loops made up of 
ordinary and dashed lines. In the case of a loop, 
one also takes the spur. The factor 1/7i for photons 
and —1/7i for a loop occurs only for virtual proc- 
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esses. 
All of the rules given here refer to the case where 
the detailed characteristics of the emitted particles 
ae not of interest (or are determined by conserva- 
tion laws), i.e., we have closed lines. If this is 
not the case, then the usual factors for real particles 
occur. As examples, generalized diagrams are 
shown in Fig. 2 for: a — Compton effect, b — elec- 
tron-electron scattering, c — materialization of a 
pair inthe field of an electron. We show only one 
of the graphs for each effect. 


4, Pf 
g. 
ry {naar 
hs % 
4, jp Py 
ay Bs 


Fig 2 


4. SCATTERING ACCOMPANIED BY RADIATION 
OF ADDITIONAL QUANTA. 


We now consider scattering with radiation of a 
single additional quantumx. We shall supose that 
the quantum is free (, 2 = 0) and that to the free 
line there corresponds certain Am, and Am,, sub- 
ject to the conditions mAm << qx << p'q. It is easy 
to see that the additional factor from the new vertex 
cancels against the factor from the internal elec- 
tron line. There remain only lines which surround 
the fundamental vertex, or which circle both ver- 
tices. Since lines of these two types can be shifted 
arbitrarily, integrations over them are carried out 
independently, i.e., we must find the contribution 
from the lines surrounding both vertices, and then 
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multiply by the already known factor for the funda- 
mental vertex. As for lines surrounding both ver- 
tices, we see that, because of the appearance of a 
new denominator, we must impose the condition 
|p-qu| << q-» in order to separate out the logarith- 

mic part of the integral over u. We easily see that 
the new lines againgive an exponential factor, while 
the sum of the exponents of the two exponentials 
does not depend on q-x, but is determined 


only by the values of a, Am, and Am.. Now con- 
sidering an arbitrary number of additional quanta, 
we arrive at the conclusion that this same situa- 
tion always occurs, i.e., the net effect of the vir- 
tual lines is a factor common to all the diagrams 
_ of scattering with radiation. 

We now go on to consider the case of an arbi- 

trary number of real quanta. We shall con- 


sider the probabilities of processes involving ra- 


diation of 1,2,...n quanta, making the following 
assumptions: . 


a). The total energy carried off by the quanta 
does not exceed win the rest system of the ini- 
tial electron, and does not exceed @, in the rest 
frame of the final electron. 


b). We associate with free electron lines, in 
all diagrams considered, certain values Am, and 
Am,; such that Am, << m, Am, <<m and a\m 
> An, > Am, /a.In the present case the Am are 
auxiliary quantities and can be chosen arbitrarily. 

Let us consider the generalized digrams corre- 
sponding to scattering with radiation. It is not 
hard to see that four groups of real lines occur 
(see Fig. 3): lines joining a--the q line on the left 


Fic. 3 


to the one on the right, b--the p line on the left to 
the one on the right, c--the left g line to the 

right p line, d--the left p line to the right q line. 
If we consider the possible transpositions of 
lines we see that each group can be treated inde- 


— 22 | 


If we choose the time axis of the vector { along 
the direction of g and keep only the logarithmic 
part of the integral, we see at once that it is equal 
to 


— (€7/) In (602/A mz) Yo (7 + m) I, (28) 


if @, <<m. In the opposite case, w, in (28) 


Yo(G+h+ m) 1, (9+) YG +R +m) 78 (HB) de 
[2mAmy, + 2 (qk) + R*|? 


pendently. For the same reason as before, we can 
use zeroth order values for the new vertices and 
electron lines. Consider a line of type a. There 
corresponds to it the factor 


(27) 


should be replaced by m. 

If we consider successive lines of type a, it 
turns out that to get the maximum degree of loga- 
rithmic divergence in the integral, the lines must 
not intersect. Upon summing the integrals, we get 
the total result (for #, << m) 


t0(G + M) {= (ajAmsy (29) 
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Similar expressions also occur for type b. 

Now we go to lines of type c and d. Both types 
of lines give the same contribution. If we consider 
one of the lines, for example of type c¢, then we 
find that the integral obtained differs from the 
integral for the case where the photon is virtual 
only by the fact that in case c we have qth in 
the denominator, in place of G —& for a virtual pho- 
ton, i.e., the difference is merely a sign change. 
Actually, just as for the case of areal photon, the 
main term for the virtual photon case comes from 
taking the &function in the photon propagation 
factor. The change in the domain of integration 
also produces no difference, since the double in- 
tegral over positive frequencies corresponds to a 
double integral over u > 0 and the corresponding 
v. But we know that the region u <0 gives the 
same contribution. 

Thus we obtain for a single line of type c an 
expression proportional to the area cross-hatched in 
Fig.1, from which the lower part is cut off by the 
lines = In (am/,),}» = In (@m/@,). This expression 
appears as the exponent in the sum over all lines. 
Multiplying the common exponential factor from all 
the real lines by the common exponential for all 
the virtual lines, we find that we get in the expo- 
nent an expression of the type of (26), with €, 
and S replaced by In(m/u ?) and In(m/@ a: Now 
it is no longer difficult to explain the physical 
meaning of (20), and also to give the reasons why 
the other cases of (20) have no physical inter- 
pretation. 

Upon comparing the formulas with the w’s with 
formula (26) it is evident the latter determine the 
matrix element for scattering with radiation of ad- 
ditional quanta with energy not exceeding Am 
in the coordinate system of the initial electron 
and no greater than Am, in the frame of the final 
electron. If we assign the quantum frequency in 
one coordinate system, Say @); then upon trans- 
forming to the other system, we find that Wo lies 
within the limits 


(a+ V1) o> 0, >oy(a ++ VE1).099) 
We note that the sloping lines bounding the inte- 
gration region in Fig. 1 correspond to just this 
condition. For this reason, if we impose the con- 
dition @® << @, In one coordinate system, then the 
maximum frequency in the other system cannot 
exceed, (a+y a- 1). and conversely, i.e., it can 


actually be varied independently of @, only within 
the interval given above. It is therefore clear 


that all the cases of (20) which are not contained 
in (26) have no physical meaning. 

Ina physical formulation of the problem, the fre- 
quency is limited in some one definite system. In 
general, such a bound would appear in Fig. 1. as 
some line bounding the cross-hatched region at its 
upper right corner. This line can be found by de- 
termining the maximum value of w, for a given 
limiting frequency w and a given @,- We shall not 
try to find the appropriate expressions for all cases 
which may arise, but merely point out that the 
resulting expression for the probability of a process 
with radiation of an arbitrary number of quanta with 
energy less than w in the system of the initial elec 
tron, and of n additional quanta in the energy in- 
terval from @ to @’ is: 

W = (W,/n!) ee) Lf () — fi (o)]”, (31) 
where ff ®) is the f, of formula (26) with In (m/w) 
substituted for €, and In(m/w) + 7 in place of fe 

Formula (31) is the familiar Poisson formula, 
and corresponds to the probability of n independent 
events. This is understandable, since we are deal- 
ing wth quanta of such low energy tha the radia- 
tion of these quanta essentially does not affect 
the electron’s momentum, so that the radiation pro- 
cesses are actually independent. This result which 
we have obtained by a direct summation of diagrams 
was also demonstrated by Glauber® for the radia- 
tion of photons by an electron described by a 
given current. 

We should point out that in order to get the cor- 
rect result by such a method, we must impose re- 
strictions on the domain of integration; these ac- 
tually amount to a determination of the limits of 
energy and quantum frequency up to which the 
current can be regarded as classical. Strictly 
speaking, these limits can be obtained only through 
a quantum description of the current. This situa- 
tion is not serious so long as one deals with 
quantum frequencies which are so sinall that 
In (m/w) >> In(E/m), but is very important for highe 
quaitum energies. 

In conclusion, I express my gratitude to Acad. L. 


D. Landau and V. V. Sudakov for many valuable 


comments. 


8 
R. Glauber, Phys. Rev. 84, 395 (1951), 


Translated by M. Hamermesh 
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The universally accepted conce 
phors and photoconductors are not 
temperature extinguished phosphor 
priori considerations, a 
most natural, 


pts concerning the recombination mechanism of phos- 
suitable to describe the kinetics of concentration or 
escence and of photoconductivity, although from a 

pplicability of these concepts to extinction p 


henomena seems 


a Se ee eee 


1, INTRODUCTION 


HE kinetic equations used to describe lumi- 


nescence and conductivity in crystals excited 
by light are generally based on the assumption that 
the probability of the excited electron returning to 
its initial state is either proportional to n, i.e., the 
number of excited electrons (monomolecular or 
pseudomonomolecular reaction)* or proportional to n? 
(bimolecular reaction). Opinions of different writers 
concerning the degree of correspondence between 
equations of this type and the actual mechanism 
of the processes in semiconductors vary consider- 
ably and depend on the nature of the experiments, 
the results of which are being compared with the 
theory. In general, the simpler the experiments the 
closer are the results in agreement with the theory. 
It is customary to justify non-agreement of experi- 
mental results with the theory, especially where 
the shape of relaxation curves is concerned, by 
references to complications arising from the prin- 
ciples or methods employed in the experiment which 
were not reflected in the theoretical equations. 
Thus, the question as to whether or not the initial 
theoretical premises (for example, monomolecular 
or bimolecular nature of the reaction) are justified 
does not generally receive a final answer. At the 
same time a criterion of applicability can be esta 
blished for the assumed theoretical solutions, a 
criterion that is not so sensitive to the secondary 
complications of the processes but which depends 
strongly on the type of the mechanism of excitation 
and recombination accepted by the theory. We are 
referring to the ratio L_/L,, the value of which can 
be different in different theories*, and which will 


be designated by the letter s. ee is the area above 


* 
We shall refer in this paper to both of these reactions 
as simply the monomolecular reaction. 


1 N. A. Tolstoi and I. A.Litvinenko, J. Exper. Theoret. 
Phys. USSR 29, 507 (1955); Soviet Phys. JETP. 


2, 420 (1956) 
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the curve of increasing light emission or conducti- 
vity, L, is the area under the quenching curve 
(Fig.1). We shall present in this paper the compu- 
tation of s for a very important general case and 
compare the result with experiment. 


2. FUNDAMENTAL EQUATION 


Nail, Pearlman amd Urbach? proposed the kinetic 

equation 
dn/dt = E — Bn* — yn, (1) 

where 7 is the number of excited electrons, E the 
intensity of exciting light, 6 and y the probabili- 
ties of bimolecular and monomolecular recombina- 
tions. The brightness of illumination /, according 
to the assumption of the authors, is equal to 


[ = sn? + nyn, (2) 
where Oe <1, andO< <1. The quantity 


e denotes the fraction of the total number of elec- 
trons, recombining according to the bimolecular law, 
that combine with emission of radiation. The quan- 
tity 7 is a similar quantity for the monomolecular 
process. 

_ By means of Eqs. (1) and (2), the authors of re- 
ference 2 explained the various relationships be- 
tween the background brightness /,, and the inten- 


2 N.R.Nail, D. Pearlman and F. Urbach, Solid Lumi- 
nescent Materials, Cornell Symposium, 1948, p. 190. 
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sity of the exciting light £, especially the “‘greater 
than-linear’’ dependence (/., ~ E?) observed at 
strong quenching, and also the experimentally ob- 
served weaker-tha-linear relationships. 


3. RISE OF LUMINESCENCE 


We rewrite Fq. (1) in the form 


dn JB) y \2 emit + ¥/28)? 
a= 8( 6 + (3%) 1D aaptatsa (3) 
and designate 

(E/8) + (7/28)? = A. (4) 


The solution of Eq. (3) for the luminescent rise 
process has the form 


= eS sn 2ce_* 
Nt Mgt J A 4 ot 2 (5) 
where 
ep SU VA ij 1/28» (6) 
_ VA —y/28 
c= 2BV Al, = Va 0p 
The quantity which interests us, 


is computed by means of (2) and (5). By performing 
substitutions and integrating we obtain: 


Fy ilt=©c 
Ly=|4(e—)inu +=YAl-", 
u =0 
where 
PS -ece 
4. QUENCHING 
Solving Eq. (1) with E=0, we have 
ya eee 
t= > 1 — con cent ? (8) 


where c again is obtainedfrom (6). The quantity 
of interest, ie turns out to be equal to 


(9) 


= ee ae (e—)Inv— #2 ]=" . 
9 


Uv = 1 —ce-™. 


5. THE QUANTITY s=L,/L, 


By computing the limits in (7) and (9) and forming 
the ratio s we obtain, upon transformation, 
4+A 
as—210(se ran) 
AS —2In(Gi+ (2) ’ 
where there are introduced symbols 


(10) 
sz 


A=Vi-4 yr —1, 3=s/e—)- (11) 


aie ere pivcte ss (c> 0). 
The variable A can vary within limits 0< A< 9. 
The limits of 5 are determined by the fact that € 
and 7 are both positive, and can have values from 
zero to unity. Therefore, either— 50 5 < 9,or 

1 Z0<N, | i.e., § cannot have values within 
the interval (0, 1). 


6. VARIATION OF THE QUANTITY S 


(a) Let A+ oo. Then, if 5 40, we have s > 1. 
If, however, 6=0, s > 0 

(b) Let A+0. Expanding the logarithmic terms 
into series up to terms of the order A2, we find 


a (8 =) ays 
~“8—)+yA * 


Then, if 5=1, we have*: s +3, and if 541,541 

(c) Let us compute the partial derivative of s 
with respect to A for A > 0: 

ds (8 — 1) A? 

i, — > [G8 =a ie 
(the logarithmic terms in the numerator were ex- 
panded up to the order A?). 

When 6 > 1, ds/dA > 0, and when 6 < 0, ds/dA 
<0, i.e., for the case of 6 > 1 s begins to increase 
with the increase of A (becomes > 1) and for the 
case of 6 < 0, s becomes <1. When 6 =1, as can 
be confirmed by a separate computation, ds/dA is 
negative in the region of smallA, i.e., s <3. 


(d) Let us compute ds/dA for A > o: 


ds 23[In(t + A)—In(t + A + A%4)] 


dX [As—2ind + A)P (13) 


It can be seen from (13) that ds/dA > 0 since the 


denominator approaches ~ faster than the numerator. 


This special case was examined previously in the 
paper by Tolstoi®. 


3.N. A. Tolstoi, Dokl. Akad. Nauk SSSR 95, 249 
(1954). 


THEORETICAL PROPERTY OF RELAXATION CURVES 


The structure of the numerator in (13) shows that 


when 6 > 1, ds/dA < 0, and when 5 <0, ds/dA> 0, 
When 6 = 0, as can be shown, ds/dA < 0 for all 


values of A from 0 to ~, 

Thus the variations of s with A have a maximum 
(if 5 > 1) or a minimum (if 6 <0). When 5=1 or 
6 =0, these variations are of the same kind: s de- 
creases with the increase of A. 

(3) Let us compute the derivative of s with re- 
spect to 6: 


1+A 
7 ete (; 3 At xm) 


SAD Epp Ra ee ll (14) 
ike «(Noe 2 nlp AyD)" 


It is not difficult to see that ds/d6 is negative 
for all values of 5. Therefore, for any A, smaller 
values of s will correspond to larger 5. The curves 
s(A) will nowhere intersect and will coincide only 
at points A=0 and A=~, 


7. LIMITS OF VARIATION OF S 


In order to evaluate the maximum possible values 
of s, let us rewrite (10) in the form: 


AS == 2 


Be ln! Pe Oe — | In(1 + A),(15) 


and differentiate both sides with respect to A. Let 
us agree to differentiate only at those points where 
s (as a function of A) has a maximum or a minimum. 
It can then be considered that s and 6 do not de- 

pend on A, and they can be treated as constants in 


2 er 
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the differentiation process: 
eas 1 A 2 B, (16) 
s—t1 —1 


‘where A = 1/(1+ A/2), B=1/(14+ A). Let 5=0. 
Then since A > B and the right part must be nega- 
tive, s<1. Let 5 >1 Then, by transformation of 
(16) we have: 


A 


Rt) ean (17) 


=|: 


4 
Gaairess 2 


Since the expression inparentheses must be posi- 
tive, s <3. It is evident from this expression that 
S22 L 

For curves s(A) corresponding to the cases of 
65 =0 and 6 = 1 we know the values of s(0) and 
s(co). If these curves had maxima at A >0 the 
evaluations s < 1 (when 6 =0) and s <3 (when 6 =1) 
would apply. If they have no maxima, i.e., s de- 
creases uniformly with increase of A, then the fol- 
lowing evaluations would apply: s < 1 (when 6 =0) 
and s < 3 (when 6 = 1), 

Summarizing, we have: for the case 1 < 5 < 
l<s <3 and for the case0 > 56> —-~, 0<s< 1. 
Figure 2 shows the general appearance of the 
family of curves s(A) for various values of 5. The 
table contains a summary of all results; the symbols 
0-1, etc , indicate the limits of variations for the 

corresponding quantities. 


? 


TABLE 
| 
No.| Excitation | Quenching | &@ | ¥} & | at eS a | Be eS ce 
Pe ie eee i ee 
4 | Any None +] +4 4 4 AL oo 4 4 4 
2 | Mono Mono oO; +] — | 0-4 0 = 1 4 4 
31 9 : es "6 { di, 0 = 4 0 
4| Mapedsumieh |e 0 PO> A 0 teal 1 0 
6 | 9 Bi BO ot Wet | scons ad 1 1] 4 
es fee Moe Di te | Oe | Or Tuleh han 
8 | Mono-Bi Mono =a a 4 |/0-1; + | >1 —3 1 
9 99 29 1 4.) 4 o—1 1 + <0 O—1 4 1 
Mono-Bi 01 | O24alie {<0 o—1 4 nl 
10 99 99 + + \>1 je { { 
if 


pee eee Se 


Mono - Monomolecular 
Bi - Bimolecular 


(99 


| 
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Fic. 2. General Shape of curves s(A) for different 
values of 0. 


8. DISCUSSION 


The most important result of the above computa- 
tions is that in all cases the value of s remains 
less than 3. However, experiments indicate that 
under conditions of strong temperature and concen- 
tration quenching, the luminescence of sulphide 
type phosphors is characterized by values of s 
far in excess of 3 (for example, s = 10 — to 12, see 
reference 1). It is therefore necessary to conclude 
that even such a flexible and universal kinetic 
equation, which was assumed in reference 2 and which 
well describes the regular order of steady ]wni- 
nescence) cannot be adequate for the kinetics of 
luminescence of quenched phosphors of the sulphide 
type. It is natural to suppose that the reason why 
experimental results do not agree with the theory is 
that Eqs. (1) and (2) describe excited states singu- 
larly characterized by the number n of excited elec- 
trons. 

In substance, this indicates that among the va- 
rious energy levels of excitation (conduction band, 
levels of sticking) there exists also exchange equi- 
librium. Under ordinary conditions, the existence 
of such exchange equilibrium is more than doubt- 
ful. However, at a higher temperature under con- 
ditions of strong temperature quenching, for example 

i.e., exactly when values of s > 3 are observed, 
thermal exchange equilibrium becomes highly pro- 
bable . Moreover, all other complications which 
are usually ascribed to kinetic processes in phos- 
phors should, it seems, disappear at high tempera- 
tures® (for example, filling of local levels close to 
saturation, luminescent action of the exciting light, 
etc. ). Such lack of agreement between experiment 
and theory, based on the application of the general 
criterion (value of s), must be considered as signi- 


ficant and compels a review of the widespread con- 
cepts concerning the mechanism of luminescence 
for sulphide phosphors. 

The mechanism of photoconductivity is also 
generally described by type (1) equations with the 
difference that the value ot photoconductivity Ao, 
as distinguished from the brightness of luminescence 
ING == CY ii. 

It is not difficult to see that it is possible to 
make use of the above results when one determines 
the value s for photoconductivity. Formally, the 
case of photoconductivity corresponds to monomo- 
lecular luminescence, and therefore, as seen from 
the table (Nos. 2, 3, 4) s for photoconductivity 
should be < 1. Roughly speaking, this means that 
in the case of photoconductivity the curve of the 
current rise can only be‘faster” than the decay 
curve; or, in the extreme case, equal to it. It fol- 
lows that the appearance in photoconductivity ex- 
periments of values s > 1 also indicates sharp dis- 
agreement with accepted concepts. Nevertheless, 
such values are observed in experiments (for ex- 
ample, in CdS-Cu with high concentration of copper) 

It is known that unequal excitation of the phos- 
phor or the photoconductor in depth, connected 
with the absorption of light in the thickness of the 
sample, leads to additional complications in the 
case of non-linearly or non-exponentially relaxing 
substances. These complications, however, can- 
not influence the evaluated limits we have found 
for s, since any superposition of relaxation curves, 
for which these limits hold, cannot result in an 
integral curve for which s is outside the evaluated 
limits (above as well as below). 

Translated by J. L. Herson 
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A calculation of diffraction splitting is carried out for deuterons of energies of order 
100 mev interacting with nuclei whose dimensions are large compared with those of 
the deuteron. It is shown that the total cross section for the process has the behavior 
of the stripping cross section. The angular distributions of the outgoing proton and 
neutron in correlated pairs and their energy distribution have the same behavior as in 
deuteron stripping when either a neutron or a proton is scattered out. Because of the 
indeterminacy of the structure of the nuclear surface (and its transparency for fast nu- 
cleons) and the lack of knowledge about the behavior of the deuteron wave function 
for small neutron-proton separations, the formulae obtained are good only for some of 
the processes; namely, the processes in which a small amount of momentum is trans- 
ferred to the nucleus. The total cross section is only estimated. The angles and the 


energy apeee ue for diffraction splittin 
sp 


lomb} 


ec are different from those of the electric (cou- 
itting. The cross section of the diffraction splitting is independent of energy 


and increases with the atomic number as Al 


1, INTRODUCTION 
A S was shown by one of us previously !, fast deu- 
terons should undergo in collisions with nuclei 

a chaacteristic process of diffraction splitting due 
to the action of nuclear forces. This process 
would not, as arule, be accompanied by a nuclear 
reaction and would take place outside the nucleus . 
In this work we calculate the cross section for 
diffraction splitting of deuterons of energies of 
the order 100 mev by sufficiently heavy nuclei. 
It will become evident that an exact calculation 
cannot be made for all conditions uniquely, be- 
cause: a) the quantitative result is determined by 
the nature of the deuteron wave function that is 
known only for large separations between the par- 
ticles; b) the result depends also on the trans- 
parency of the nucleus for a nucleon passing at 
various distances from its center. This depen- 
dence causes complications due to the lack of 
knowledge of the outer regions of the nucleus. 

For the above reasons the differential cross 
section will be strictly obtained only for a group 
of the processes, namely, the cases in which the 
momentum q transferred to the nucleus is smaller 
than the reciprocal of the radius of nuclear forces 
1/pu (pw is the 7-meson mass and we shall set % 
=c=1). 

This range of processes is the most important 
one for the following reasons. From physical 
considerationsit is clear that for effective split- 
ting the important q are those up to near the re- 
ciprocal dimensions of deuteron, i.e€., 4 ~ 2/Me 
~ 0.6 p (M is the mass of a nucleon and € the bind- 


1. L. Feinberg, J. Exper. Theoret. Phys. USSR 29, 
115 (1955); Soviet Phys. JETP 2, 58 (1956). 
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ing energy of the deuteron). For g X 9-6 the 
cross section for the process should vanish rap- 
idly (the corresponding matr ix elements will con-- 
tain rapidly oscillating multipliers; this conclu- 
sion follows also from purely optical wave analo- 
gies). Considering the boundary of the nucleus 
sharp we shall not make any error by limiting our- 
selves to that part of the effect due to small g, 

q <<p. For the full effect we shall obtain an or- 
der of magnitude estimate by extrapolation to q 

~ p. In accord with this incompleteness of the 
result we can allow other approximations in the cal- 
culations. However, the result seems to us to de- 
serve attention even with such approximations. 

It turns out that the estimate results in a substan- 
tial value of the cross section — of the order of 
magnitude of the stripping cross section. The proc- 
ess_ has its peculiar characteristics which allow 
us to separate it from, for example, the process of 
electric splitting. Furthermore, even though the 
diffraction splitting of deuterons is only a small 
part of the total (for smallq), it may be considered 
as a model for processes involving the diffraction 
splitting in other systems (for example, of other 
nuclei or, in particular, in cosmic rays ). There- 
fore it has a methodological importance. 

The cross section of the process in question, to- 

gether with the process of electric splitting can 
be computed for sufficiently heavy nuclei from the 
Born approximation formula 


SALA rm cal ois i219) 


Here U is the interaction potential of the proton- 
neutron system, which we shall consider depen- 
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dent on the separation r=r, — te between the pro- 
ton and the neutron; U =U ey W is the electrosta- 
tic interaction potential of the proton with the nu- 
cleus: W = Ze*/r)3 Vien, is the wave function of the 
incident deuteron which may be considered non- 

relativistic for the region of the deuteron momenta 


of interest and ( is the normalization volume: 
Yoq = 2 exp ip, (t, +8,)/2}9(1t,—Fal)s, (1.2) 


where gis the wave function of a stationary deu- 
teron written similarly for the potential U(r). wait. 
is the wave function for the deuteron scattered as 
a whole as a result of the diffraction on the nu- 
cleus; ¥> is the product of wave functions of mu- 
tually noninteracting outgoing neutron and proton, 
of momenta p, and p,- It should be noted thatX¢ 
takes into account the interaction of these par- 
ticles with the field of the nuclear forces of the 
nucleus. The wave function of the deuteron ¢ is 
also needed for the calculations. Outside of the 
radius of action of the nuclear forces which is of 
the order 1/p, 

o=Ne-*/r, «=VMe. (1.3) 
Since we shall consider only transferred momen- 
tum not exceeding p, i.e., distances between deu- 
teron and nucleus greater than 1/p, then we may 


use just this function g. As is well known*> with 
the proper normalization we obtain 


N = V 3a /4z. ey 
Furthamore, we introduce the average radius of 
the deuteron 
Ra = 1/20 = 1/2V Me = 1.6/p. (1.5) 

In the present we shall compute the cross sec- 
tion for pure diffraction splitting, neglecting the 
influence of the electrostatic field of the nucleus 
since, as we shall see, the diffraction process 
takes place mainly in a definite energy range. 
Therfeore we set W = 0 and in wake we shall in- 
clude only diffraction by the nuclear forces of 
the nucleus. This latter approximation is possible 
only for deuterons of sufficiently high energies. 
(Ze?/hv <1). In particular, for medium heavy 
nuclei the deuteron energy should be greater than 
several tens of mev. In such a case the criterion 
of the external character of the process (cf. 
reference 1, Eq, (2.5)] is known to be satisfied. 


std Va a Akhiezer and J. la. Pomeranchuk, Some Problems 
in Nuclear Theory, 2nd ed., 1950, Sec. 2. 


Furthermore, the wavelength of all particles is 
much smaller than the radius of the nucleus. The 
wave functions of the particles diffracte d by the 
field V of the nuclear forces will be found with the 
assumption that the nucleus is completely opaque to 
neutrons and protons. This assumption is not de- 
sirable, of course, for nucleon energies greater than 
70 mev, i.e., for deuterons whose energy E , ex- 
ceeds ~ 150 mev. However, the generalization does 
not encounter any fundamental difficulties and we 
shall not yet discard it. Finally, in the range of 
energies E , under consideration (40-150 mev), it 
is possible to neglect the exchange of the nucleons 
of the deuteron with the nucleons of the nucleus. 
We shall see that under the described conditions 
diffraction splitting actually does take place and 
that the total cross section is of the order RRy 
(R is the radius of the nucleus), and that the par- 
ticles ae scattered within angles of the order 
VMc p 4 just as in deuteron stripping, and that 
the energies of the particles are equal to each 
other with accuracy of the order of VE je. The nu- 
cleus receives a small recoil (the recoil momen- 
tum is of the order /4Me. The energy transferred 
is smaller than the binding energy of the nucleon 
in the nucleus (even on recalculation for one nu- 
cleon); in reality, the momentum is absorbed by 
the surface layer of the nucleus — the “‘skin layer’’ 
— and the excitation energy is still smaller. There- 
fore, as arule, the nucleus should remain undis- 
turbed. 


2. WAVE FUNCTIONS AND MATRIX ELEMENTS 


The function x7! describes the noninteracting 
nucleons with momenta p, and p_, which leave s 
the interaction region of a nucleus R (which is 
considered to be absolutely opaque). In this 
case y;'has the form (cf, for example, reference 3). 


(257) 
Cos Qu eiPntn Pr \— an iP, hee —S, |} RE 
oni | r,—S, | : 


—'!2 inp? Pp exp {—ip,|t pS, |} 
x 01% (learn 4 Pe (PK Pal tsp 
\res51l 


a (5” (re) + OL (tad) (YY? (tp) +O” (r)), 


Here S,, 5, are two-dimensional vectors in the 
plane passing through the cross section of the nu- 
cleus over which the integration is carried out. 
The section is chosen perpendicular to the vectors 


3 Le Le Landau and I. la. Pomer huk 
Theoret. Phys. USSR 24, 505 (1953), a ae 


DIFFRACTION SPLITTING 


pA and p,, (i.e., the region of integration is SneoR. 


See Oa nS, Pa): 
izing volume. 

The wave function of the deuteron turns out to 
be somewhat more complicated since it is neces- 
sary to take into account the final (larger) dimen- 
sions of the deuteron (it appears that they have a 
limiting value). Fundamentally, it is necessary 


to take into account the different effective radii of 


asi i —R 
b= Q [a (e ata ot \ Ae 


where the “function of transparency’’ f is some 
function dependent on the structure of the deu- 
teron and the opacity of the nucleus for nucleons 
at various distances from its center. For a com- 
pletely opaque nucleus f is equal to unity for S, 
<R and it vanishes for S; — R >> Ry. 

Let us assume that the center of mass of the 
deuteron moves along the z axis and passes at 
distance S, (S, >) from the center of the nu- 
cleus. Since the distance of one nucleon, say the 
neutron, from the center of mass is a half of its 


distance from the second nucleon (the proton) then 


the probability density that the nucleon is at a 


distance Vp? 4+ z2 from the center of mass (p, x 
are the cylindrical coordinates in a plane perpen- 
dicular to z) is . The total 
probability that one nucleon is absorbed by the 
nucleus when the center of mass of the deuteron 
is at a distance Sj (in the section plane of the 
nucleus) is 


(2.3) 
Sg—R 
eo os arc ccs 
\ dz \ p do \ dy|o(2Ve + 2°) /*. 
—cO Sg—R 0 


(We consider the surface of the nucleus to be 
flat at R >>R,. The probability of absorption of 
the second nucleon is the same. The function f 
is then equal to the square of Eq. (2.3)for oF 
>R. Inserting ~ from Eq. (1.3) changing the va- 
riables p= (sg—R)x, p? + 2? = C2, 

and Eq. (2.3) results in 


= N? (Sg¢— R)\ arccos + dx 


1 


(< exp {—4a(s, —R) xt} 
0: 1G eae cee aay 


and ( is the normal- 
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the nucleus in respect to the nucleon and to the 
deuteron. This can be done in the following man- 
ner. ‘“Absorption’’ of the deuteron (i.e., its disap 
pearance from the incident beam) will take place 
when the center of gravity of the deuteron passes 
outside of the nucleus (S, > R) and if at the same 
time even only one nucleon of the deuteron falls 
within the limits of the section of the nucleus. As 
soon as S; — R >>R, this effect can be neglected. 
In this way we obtain for the general case: _ 


jacaidheret al (2.2) 


[rz7—S,| 


ds.) (Ite ral), 


In this manner the characteristic parameter which 
determines the exponential vanishing of f for Sy 
—R>>Ryzis a=1/40~0.8/p. 

The following calculations will be carried out 
with the assumption that all distances are large 
compared with 1/y. Therefore we simply set 


a. l for Sa<cR, 
I\ Ry] = \p-sa-R 1a 


for". Sa > ie. 


az=R,/2~0,8/p. 


(2.4) 


Now, omitting W in Eq. (1.1) and substituting 
Eq. (2.1) into Eq. (2.2), we obtain: 


<P] Pa > = OA" dep den (48 (Fn) 2-5) 


+ vt" (ra) (YO? (rp) 


where 
i (rn) = €Xp { — 1Pn Pr}, 
oy” (Tp) = exp {— ppp}, 
r fg : 
vi ( ae )= exp {ipa(tp + Tn) / 2}, 


“eee '”)* are the complex conjugates of the 

second terms in the brackets of Eq. (2.2) taken 
with a plus sign. Multiplying out the quantities 
in parenthesis of Eq. (2.5) we obtain eight inte- 
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grals, of which only some are different from zero. 
We denote the integrals by symbols Ve i, j, k 
= 0 or l, the indices 0 and ] denoting which one 
of the terms is taken from the given parenthesis, 
the indices being written in the same order as the 
functions for n, p and d in Eq. (2.5). First of all 
ane containing the product of plane waves, is 
different from zero only if the momentum of the 
center of mass is observed. This condition cannot 
be reconciled with the law of conservation of 
energy. Therefore Y 9). vanishes. Furthermore, 


2k 


oF ears \ dr \ ds, exp 


the diffraction cone of deuterons is distributed in 
the direction of the shadow formed by the nucleus, 
i.e., if deuterons are moving along the z axis from 
the region z <0, then w; is different from zero 
only for z >0. Conversely, YP and yj’ are dif- 
ferent from zero only for z <0. Therefore, the in- 
tegrals Y,5,, Yy, and Y,,, are vanishingly 
small, The remaining four integrals will be com- 
puted. 

Intr oducing the coordinates of the center of 
mass: ry =(r, + Ye gi rir we have: 


( (Pa — Pp.To +DPn | yee r/2 Sn |)} 


U(r) @(r) 


x exp {i (Pa — Pp) (F/2 + Sa)} Tr (v/2)—s,]° 


Integrating first over r, (introducing the variables ry 
—r/2— s), and then over s_ (with limits 5, < R, where 
R is the radius of the nucleus), we obtain 


< 4rj p RJ R 
Pig) ae (2.6) 
(Py ae Da Pes Gn Q*!2 
Lan 
100 


x \exp | (0. —2p>,1) lur(r) o (r) dr. (2.6) 


J 


Similarly 


‘nip, RI (GpR) 1 


(Py ==) > les Yn 


(257) 
Q't 


Fa — 
} 010-_ 


x \ exp |—5 (re —2pn, ) U (r) 9 (r) dr. 


At this point the momentum transferred to the 

nucleus appears for the first time 

Pattee Da Pr (2.8) 
and its projections OR and q, on the plane are per- 
pendicular to p, and p,, respectively. 

The integral Y,,, is somewhat more complicated 
but it belongs to the type of integrals obtained by 
Pomeranchuk*. First we notice that according to 
the law of conservation of energy, 


Introducing the quantity p =P, — Pp and taking 

into account that p << p,> Pp» Pgas is verified by 
the last equation, and that it has in the important 
region a value of the order of \/4Me, we obtain the 


following approximate relations: 


Pa ~2P~n— p+ (p?+4Mz) / 4pr, (2.9) 


(Pa — Px)” — Pp =") P? 
te eG (Paap) ee 
Because of the small angles 0, and @, (rela- 
tive to the direction of the primary deuteron beam) 
at which the proton and neutron emerge, and also 


the smallness of the angle 6, between the proton 
and the neutron (see below), we can also write: 


(Pa — Pp)? — Pr (2.10) 
= "/2(p? + 4Ms + 2p, pa9®), 


(pa — Pn)? — p® at) 


="/o(p2 + 4Mz + 2p, py 92), 


(Pa + Be)? — pa (2.12) 


= —(p? + 4M: +1), p} 92,), 


Expanding expressions of the type e’P!/t in 
Fourier integrals, using the above formulae and 
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the method of integration due to Pomeranchuk? 


P,P 
Koo = 


-++oo 


we can reduce the integral Yaa to the form 


panronr \eSs \ds, \deU (1) y (r)exp |-+ . (pat + Pn aq )\ 


i : F 
xX Pe \ exp {— b3,ch 6} dé, 


ee 


where og d | are the projections of the vectors 


Ss, — 8s, —1 along and perpendicular to the direc-- 
tion of P;. The variable r is limited by the value 
of the interaction of p and n, and s_ and s_ vary 
within the limits of 0 to R with the effective value 
lue Is, —s,|~R much larger than To ¢¢ accord- 
ing to our assumptions. Therefore it is possible 
to disregard r in the integral over 0 in a, and 

then the integrals over s, and s_ separate from the 
integral over r and we obtain: : 


y 4ri pyR Ji (Gq R) (2.13) 
Oi ae ce a aa See Saye 
O* Pet Ps) — Pa Va 
. { Pr 4 
x Jexp {— y (5-7 Pi r)U()e (rar 


(qq is the projection of q on a plane perpendicular 
to pq): Finally, we have in a similar way for Y),) 


4xi Pa 


—— 


Q"s (p+ p= Pa 


(2.14) 


o0L 


i 


x \ exp ia x (Px — Pp, n)| 


x U(r) e(r) dr\ f (| exp {— 1qsa} dsa 


We separate ‘the integral over s, into two parts: 
from 0 to R, where f = 1, and from R to ~» where, 
from Eq. (2.4), f= e (sq — R)/4, The first integral 


is carried out in the same way as the previous one. 


In the second we note that those q are important 
that are close to 1/R, and R >> Rz, and conse- 
quently gR >> 1. Therefore qs, >> 1. 

Performing the angular part of the integration 
over sq We obtain the function Je qs q> eee we 
replace by its asymptotic value. In the expression 
preceeding the exponential in the integral over sy 
instead of R. The result is 


41. Ia. Pomeranchuk, Dokl. Akad. Nauk SSSR 96, 265 
(1954). 


RJ, (qq R) 
. —— 


(tae tent 


8xR a ( ™ 
a a ae anos —_—> 
ae 1+ ag? | [a 8 r) 


6 wv 
—qgaasin (qaR =F). 


ent ds, 9 (2.14a) 


The integrals that remain in Eqs. (2.6), (2.7), (2.13) 
and (2.14) have the meaning of form factors. Ther 
exact value depends on the form of the wave func- 

tion. Indeed, if the deuteron equation 


MD) SE Pia) 0 ieee 


is multiplied by a Mand integrated over all space, 
we obtain, by integrating the first term by parts: 


ia U(r) 2 (r) de (2.15) 


ie Ot, exp {ir} © (r)dr. 


If we take for ¢ the functionof Eq. (1.3), then 


\exp {ir} U (r) 9 (r) dr = — 4nN | M. (2.16) 


Of course, the independence of A is obtained 
only for this special choice of g. Since the iq. 
(1.3) is not correct at distances smaller than the 
range of the nuclear forces, the Eq. (2.16) is not 
correct for A >> p (there should be present an addi 
tional decay with increasing A). However, in all 
cases considered by us, Ahas the magnitude q < p- 
One can convince himself of that fact by noticing 
that, according to the Eq. (2.8), Ais equal in Yj 99 
Yoo Y 501 and a6 respectively to —1/2 (pp— 


Pu-- 4), + '/(P2 — Pp — 9), —*/2 (Pn — Pp) and 
Pa(Pn — Pp)/2Pn, and also the following relation is 


valid (see below): 
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$1.3 -91/ Me = 0.6 v. = q (because of the small scattering angles), and 

es ai Le : using the approximate relations (2.9) -(2.12), we 
Collecting the formulae of Eqs. (225) =(2..7); obtain [in several cases we shall set Pate 
(2.13), (2.14) and (2.16), setting 7, = I, = 4d ~1/2p,, forseeing the formula of Eq. (3.1)]: 


NN 


Se Ari 4nN Uf R Pr 
<<? 1U | oa + 9a? > = ea [eet oe 
i 


T Q': M q eo Cy a p? 
page (2.17) 
Pp, 4 22a he Pa Te 
(Py — |e) — PS P(r <i Pp) Be (P, + Pp)” a3 po ™q 1+ ag? 
n : Tt \ 1672iN Pa 

a a are redeem Ce eee TT 

x | S (oR iz) ga sin (aR 4 I} MQ Ia C7 pey + 4Me 

x MIST RRS Te SS ee 
| q 1 A, RO Sel eae 


— ae / B rtaglem (oR —F)—aesa(oR —2)}. 


PA 3 
i fn oe NN? SMe. 
A (Pp — Pn) + 4Me aie 


It is understood that J (QR) may be replaced 


the matrix element, dividing by the current of the 
everywhere by its asymptotic function. 


incident deuterons p,/2MQ and multiplyin« by the 
density of the final states 


3. THE LATERAL CROSS SECTION Pp 4Pp do, pido, OQ? dE Py 

aa | CaF UEME) tg 

According to Eqs. (1.1) and (2.17), squaring ean ote 

a Dp 2 
Ia ok ary page eect ieee 2 2 
Pea eam famep| | Pa Pe AP Arp de,, (3.1) 
where the quantity in parenthesis is the same as 
in Eq. (2.17). In squaring we, following Landau’, anc ithe spose 
shall replace J ,(qR) by the average value of its 5 T ( —%) 
asymptotic expression: Su (qR—- r) cos\GR— 7 
2 meee , 37) ae will also be replaced by its average value, i.e. 
Ji (GR) = muR ° (gR— a prays ? zero, etc. Therefore 


2 R { ag? 4 2L 
= —5/L2 4 en ce rie oo 
| my? | VE a*q? | (fen A932 5)? a 4+ Vy A’8" y | ? 


(3.2) 
L=(1+ A? 9, )2+ (1 + Ar) + — 2 (1 A 


The denominator of the Eq. (3.1) shows that the 


tually have very similar energies. The diff 
neutron and proton produced by the splitting ac- of the momenta is of the ie: * ial 
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P= Pa— Pp S2V Me. 


The difference of energies is 


|Ep,—E, | (3.3) 
ee ee pee 
=| — ar |= a | Po — Pol S 2 V Ene, 


ener E,= p2,/4M is the kinetic energy of the in- 
cident deuteron. The scattering angles are of the 
order (p? — 4Me)/p2,, i.e., 


Dn ~ Sp ~ Ynp~8Me | pa ~ ¢/ Ea. (3.4) 
Consequently, neutrons and protons emerge with 
practically the same energies (a few with somewhat 
greater difference in energy) and at the same angles 

as for the stripping process. However, the main 
difference rests in the fact that for each deuteron 
stripped by the nucleus, either a neutron or a proton 
emerges and the nucleus absorbs the remaining nu- 
cleon, undergoing a transmutation. In the diffraction 
splitting for each process both a neutron and a pro- 
ton emerge from the interacting region. The nucleus 
meanwhile, experiences only arecoil by absorbing 

a small momentum q ~~ Me. 

The total cross section is obtained by integra- 
tion over p_ and the angles. We shall introduce 
two-dimensional vectors in place of the angles, 
tp SAD,, a= Adn; Op =1]e Adu, (3.5) 


> 


Sup = Sn — Dp. 


We also take into account that the component of q) 
the momentum transferred to the nucleus, relative 


pq is equal [cf. Feinberg?, Eq. (2.4a)]: 
q\ ~2Me/ pa, 


and the perpendicular component q, has the order 


of magnitude 


Dn oy ~ Me, 


i.e., much larger than the component along py: 
Therefore, setting q ~ Tpeis have, according to 


Eq. (2.8), any one of the forms: 
d= (Pn n+ Pop) & (pal 2) (Sa + 9p) 


— ("/s Sap ae 9p) Da (3.6) 


= (92— 1/2 Onp ) Pa- 
If we introduce new variables to facilitate inte- 
eration, 


= lo (%n ae 2,) = q/c, (3.7) 
q2 = 1/5 (on = dp) = has 
3, By = 4A-* dada, (3.8) 


q = pa Gi:A = cqy, c? =(pp— pn)? +4Me, 


then the total cross section is: 


6V MeR 
oa (3.9) 
— Pp dqidqs ie Bq? 
[(Pp—P,) + 4Me]"® gi 1+ Bgi 


x| he bs 21. } 
(1492)? ' 14¢2 |J 


1 1 Z 
Pie eee 
Pet anh 1 ae as Ne 
= a0 = a((pp — pa)? + 4 Me)" 


carrying out the integration over q, and the 
angles of the vector q, we obtain 


5a bi cai gL pp 


4 wee Ae a, 10) 
gn V4+aq5 aV4 + gi V4tq—a 
2 B%q? n aware V44+et+a 
a onenery ——— In (14+ 994 ai oe —3]}. 
1+ By LgaV4+a? Veta Gi J 
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The integration over q, 1S carried out up to 
some maximum value where the momentum trans- 
ferred to the nucleus q = qq (less than yu), the 
reciprocal of the magnitude of the smeared surface 
layer of the nucleus, i.e., up to 


1 max = [(Pp — Pn)® + 4Me}—"! Qo. (3.11) 


Since V4Me ~ 0.6 p, it means that qq »ay <1: 


Therefore the function inside the integral can be 
expanded in powers of q,: In doing so an impor- 
tant problem becomes clear. We write the cross 
section in the form of a sum of a part indepen- 
dent of the deuteron dimensions, and a part, de- 
termined by the difference in the radii of the nu- 
cleus due to the interaction with the nucleon and 
the deuteron: o = 0’+ 0’’(so that, for example, 
for «= 8 =0 in Eq. (3.9) do =do”). Then the 


mentioned expansion yields (if the integral over 


Pen is taken from —x~ to +c): 


y --00 dp, 
opi ae, = V Me R \ Ge Pr + 4Me]"!2 (3.12) 
7 max 
2 
\ dqi= q? 


0 


es Bho 55 (40.\" 
= 9 (Hep = Bt Ra (Rav)? iy) ? 


where q, is the maximum allowed value of the mo- 
mentum absorbed by the nucleus, and R , = 1/2/Me 
is the average deuteron radius. 

The second term dependent on B gives, after ex- 
pansion in powers of q, (aq, << 1): 


(3513) 
Ue, 12 VV ps dp, a°qo 
Ca V MER \ oe pimey ~ ORAM 


Setting a =~ 1/2R, according to Eq. (2.4), we obtain 


a” = ¥/. RRa (do Ra) = 3/,RRa Raw (Jo/H). (3.14) 
and then 


a! /a" = 7/5 (qo Ra)? = 7/5 (Rat)? (Go/t)? < 1.8.15) 


Consequently, the main part of the spectrum for 
small q is given by 0”, which is due to the dif- 
ference in the effective cross sections of absorp- 


tion of the nucleon and the deuteron by the nucleus. 


The absolute magnitude of the cross section is 
not well determined. Because we have always 


neglected the smearing of the nuclear surface, q 
should be much smaller than p (as was already 
mentioned, it is clear from physical arguments that 
the differential cross-section becomes smaller at 
qr 0.6 p). 

Furthermore, in computation of the main term 0” 
the form of Eq. (2.4) was used for the transparency 
function. Because of the insufficient knowledge 
of the deuteron wave function this calculation can- 
not be trusted at r~ 1/p. Therefore the result 
obtained for the integrated cross section can be 
good only within an order of magnitude. If we set 


Io/t © 1/3/ 1/2, we obtain 


a0" ~ RRy. (3.16) 


If we attempt to extend the above calculations 
to all values of q, i.e., if we use the deuteron wave 
function of Eq. (1.3) for all separations, in which 
case we also have to change correspondingly the 
normalization constant V2 ie a factor of 2/3, then, 
integrating numerically Eq. (3.10) over q from 0 to 


cc, we obtain an extremely large value for the cross 
section. 
The energy distribution for the principal term is 


VEpae, 


(3.17) 
(E,—E,) + &E, 


dso = const 


oa, wows a 
(E57 Begyeea 


For stripping (transparent model) the formula has 
the same character (however, it should be remem- 
bered that Eq. (3.17) is strictly correct only for 
that part of the effect with g << p). 


DISCUSSION OF RESULTS 


The Fs. (3.13)-(3.16) show that diffraction splitting is a 
teal effect. Since the cross sections for production of new 
trons and for production of protons by stripping are equal to 
1/27RRq (foran opaque nucleus), the number of 
neutrons and protons emerging in correlated pairs 
due to diffraction splitting should be comparable 
with the number emerging singly due to stripping. 
The scattering angles and the energy distribution 
should be similar to those observed for stripping. 
Thanks to these circumstances these neutrons and 
protons can be separated from those produced by 
Coulomb stripping: the cross section of the Coulomb 
stripping is not only smaller than the cross section 
of the diffraction splitting, but it also has a dif- 
ferent energy spectrum (two maxima). 

We are not aware of any experiments in which 
correlated neutron-proton pairs were observed after 
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bombardment of nuclei by deuterons with energies 
of the order of 100-150 mev. However, Gol’danskii 
L’ubimov and Medvedev” have pointed out that the new- 
tron yield for these processes (at energy ~ 200 mev) 
is about i — 2 times greater than the predictions 
of the stripping theory and that this discrepency can 
be only partially removed by the inclusion of the 
Coulomb stripping. Recent experiments°have de- 
termined the proton yield from deuterons of energy 
190 mev bombarding both the light elements (Be, 

C) and the heavy ones (U). The results showed a 
considerably larger cross section than one compu- 
ted for stripping by an opaque nucleus: for Be and 
Co, = 9-35 +0.03 barns, for Uo,,, = pe 


barns7, while the formula o°? 2% = 1/27RR y 
strip 


gives 0.12 and 0.43 barns, respectively. The cross 
section for the electric stripping is 0.1 barn for U. 
Various authors bring up for consideration an ad- 
ditional stripping process which is due to the trans- 
parency of the U nucleus. In this process the deu- 
teron is wholly absorbed by the nucleus — the cross 


pereitcol’dens} i; A. LL uhimov and B.. V. Medve- 
dev, Usp. Fiz. Nauk 48, 531 (1952), 


6 
L. Schecter, W.E. Crandall, G. P. Millburn, D. A. 
Hicks and A. V. Shelton, Phys. Rev. 90, 633 (1953). 


7 L. Schecter and W. Heckrotte, Phys. Rev. 94, 1086 
(1954), 


section for this absorption is wR? ~ 2.5 barns - 
undergoes stripping inside the nucleus and the pro- 
ton can escape from the nucleus due to the small 
but still present transparency of the U nucleus 

~ 0.12. The exact theoretical calculation of this 
last effect is very difficult since small changes in 
the transparency factor and variations in the de- 
Scription of the details of the process cause sharp 
changes of its contribution to the total cross sec- 
tion. 

It is not impossible that diffraction splitting 
takes place in this case. More definite results 
could be obtained only from experiments at some- 
what smaller energies, at which the transparency 
of the nuclei does not come into effect, particu- 
larly because for a semitransparent nucleus the 
yield of correlated pairs may be due to stripping 
inside the nucleus (it is true that a simultaneous 
emergence of both particles is comparatively im- 
probable. 

An interesting facet of the discussed process is 
its independence of energy. That fact allows us to 
expect that it should have still a measurable mag- 
nitude even in the relativistic energy range. 


Translated by M. J. Stevenson 
15 


SOVIET PHYSICS JETP 


VOLUME 3, NUMBER 1 


AUGUST, 1956 


The Theory of the Electron Field Mass in the Presence 
of an External Medium 


A. A. SOKOLOV AND V.N. TSYTOVICH 
Moscow State University 
(Submitted to JETP editor October 29, 1954) 
J. Exper. Theoret. Phys. USSR 30, 136-140, (January, 1 956) 


Examination is made of the field correction to electron mass caused by an external 
medium. Second-order perturbation theory is used in the calculations. 


I T was shown in many works! ’” that the inter- 
action between a charged particle and a quan- 
tum electromagnetic field produces in the particle 
an additional field mass, due to the radiation field 
(real-photon field), with which this charged parti- 
cle is in equilibrium. This change in mass, de- 
pending on the temperature of the equilibrium radia- 
tion, causes a shift in the levels of the atomic sys- 
tems. Under normal conditions this shift is small 
relative to the Bethe shift which, in particular, is 
related to the peculiar process of virtual emission 
and absorption of photons. 

We shall consider in this article field corrections 
to the mass of an electron (or in general of any 
charged particle having a spin 1 /2), produced by a 
medium characterized by a dielectric constant ¢(w) 
and a magnetic permeability p(e). The electromag- 
netic self-energy of a Fermion is known to diverge 
logarithmically, but the difference between its 
value in an external medium and in a vacuum is 
convergent’, as will be shown below. These field 
corrections to the electromagnetic mass of the 
Fermion depend naturally on the parameters that 
characterize the medium. 

A macroscopic description of the medium in terms 
of the parameters ¢ and yp is made possible by so 
‘ renormalizing the self-energy (subtracting the self- 
energy of the particle in vacuum) that the higher 
frequencies, i.e., the shorter wavelengths, are cut 
off. A substantial share of the field correction is 
due here only to frequencies below the resonant 
frequencies that cause dispersion. This corresponds 
to wavelengths considerably in excess of the inter- 
atomic distances. 

2. The electromagnetic field in a medium obeys 
the known differential equations: 
eu OA, 


V?A, — ce OF 


(1) 


= 0, Vel, 2.354) 


1S V.Piablikov, J. Exper. Theoret. Phys. USSR 21, 
16 (1951). 


2 Q. Kothary and F. Auluk, Nature 162, 143 (1948) 


3 V.N.Tsytovich, Dissertation, Moscow State Univer- 
sity, 1954. 
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here: 


An = An/p(n = 1, 2,3); Ay =eAy; 


Asi is the vector potential and A =A, the scalar 


potential of the field. What matters now from here 
onis that ¢ and yp are frequency dependent as in the 
case of Cerenkov radiation. These quantities must 
therefore be considered as operators, the manip- 
ulation of which is defined, for example, by Eq. 
(27.5) of reference 4. One cannot therefore divide 
the first three equations of (1) by 1/p or the last of 
these equations by e. 

The quantization of the free transverse electro- 
magnetic field in a medium has already been dis- 
cussed°~’ in connection with the quantum theory of 
the Cerenkov effect. 

Let us consider the general quantization of the 
electromagnetic field in a medium with the aid of 
a Lagrangian that leads directly to (1) (see refer- 
ence 8): 


4 : ev. OA, \2 
P= (div A+ 252)" (a) 
Assume the field to be contained in a large cube 
of side L, and expand the potentials in corre- 
sponding Fourier series, using standard methods; 
this results in an expression for the quantized 
potentials: 


Av=thin by, pr 
q 


Qneh 
7 [a.(q) o 


x exp {—ic’gt + iqr} 


+ ay(q) exp {ic’gt -i q-r}], 


* D. Ivanenko and A. Sokolov. Classical Field Theory, 
Moscow-Leningrad, GITTL, 1951. 


° A.A.Sokolov, Dokl. Akad. Nauk SSSR, 28, 415(1940), 


© V. L. Ginzburg, J. Exper. Theoret. Phys. USSR 10, 
589 (1940). 


7, Taniuti, Progr. Theor. Phys. 6, 207 (1951). 


8 
V. Fock and B. Podol’skii, Z. Phys. Sowjetunionl, 
801 (1932). 
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where 


qg=|q|, n=1,2,3, 


C,=c'/s, cl=c/Vep, a,= id, ay = ia", 


Apnea 
be ae AY 


and the amplitudes a,, satisfy the commutation 
rules 


[ay(q), av (q’)] = ay (q) a} (q') (4) 


it ay (q') ay (q) a OvyOqq’. 


From this, it is also possible to find the commuta- 
tion rules for the global fields: 


[Av(r, 2), Av(r’, #)] (5) 


is nc yh ee exp {i mq Sin ¢e’¢ (¢— t’) 
7 Bae \ EXP weqr — r’)} SS arma 


Comparing (5) with the commutation relations in 
vacuum we see that, owing to the frequency depend- 
ence of the velocity c’ on the frequency, the 
function in the right half of Eq. (5) is spread out 
over the light cone. If ey=1, the functions (5) become 


the ordinary commutation relations in vacuum 
(A-functions). 


The quantized wave functions of the free Dirac 
field are of the known form: 


by (ec t) => denn (r t) (6) 
— SS —icKt+tikr 
L 2; CrOi€. > 
where 
Re1V ks ko mcftg k= 1, Bay 


are known matrices characterizing the spin states 
and 


+ + > 
Cy Cn si CrCnt = Onn. 


(7) 


Furthermore, the operators w and A, of the inter- 


acting fields must satisfy the following equations: 


nh oO rs Sen (8) 
— — — — ) =—ex, Ay, 
( i ot ) ' 
ee aA ae 
Neo agen - ae = 4rev ay), (9) 


where 
es ete A, = A pe 1, 2, 3; 
Ay = Ay; 
is the electron charge and H=(ch /i)«-V +Bme” is the 
Hamiltonian of the Dirac equation. Equations (8) 


and (9) are general equations for the semi-phenom- 
enological quantum electrodynamics in media (in. 


e=—e 


the Heisenberg representation). 
The operators w and A, can be expressed in terms 


of the free-field operators y and A using the known 
operator S; ‘ 


p= Sis A, = SAS (10) 
whee tS co ee et 


ee ee Pe ryea(4 (eho es 
=e =l—v+v0'+4v0U'U —..., 


z io 
vu! = \ u(t’) at! \ nie) ae" 
etc., and 
iE 

USS \ il (co dt! = - > CrinVain, (11) 

G {i= — lore, t) aA, (r,t) ¥(r, t) dx 

= o > Crntlliph, 

: y 
Untn = \ Hain dt, u) 
(13) 


Tes \ d2xvi (r, t)wAy(r, 4)» (r, 0), 


whereby, since the theory is symmetrical with re- 
spectto the sign of the charge, we have 


CO eth CaCl = ten (14) 


The validity of (10) is confirmed most simply by 
direct substitution into Eqs. (8) and (9), using the 
commutation relations (4), (5), and (7). 


The fields w and Ay can be expanded in terms to 
the interaction constants as follows: 


b=ov+ [vb] + [v' [vy]]+..-. (15) 


If second-order perturbation theory is used, the 
energy process of interest to us, that of emission 
and absorption of a virtual photon in the presence 
of a medium, is given by the third term of the right 
half of Eq. (15). To obtain the amplitude of the 
transition it is necessary to substitute Eqs. (11 )- 
(13) and (3) into Eq. (15), and use the commutation 
relations corresponding to the absence of photons 
in the initial and final instant of time: 


at (q')ay(q) = 9, ay (q) ay (q’) = Bwqq’, (16) 


and to the presence of one electron in state n=0 at 
the initial instant of time: 
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+ nn 

Cr Cn, = Ons0s CC. a it ORS 
aos 

Can =) ) Ors (pe 0, 


(OUT 


where n denotes states with positive energy and 
n_ those with negative energy. From this it is 
possible to find the average value of the perturba- 
tion energy, which in the approximation employed 
will have the following form: 


An? | qn 


@ 


whee ea 


eC dg patty gq 
a li ererer = 


qn? 


Here wy and Ky refer to the initial state of the 
electron, H)._ =« (k-g)+Bk 9: Further, squaring the 
denominator, Averaging the entire expression over 


all angles of vector g, and assuming the momentum 
of the electron k=0, we obtain: 
+ ae " esas 
V= < 0 U's a \¥ Ud pa 
where 


Gee ee b = g(3+n-*) +2K' nn ; 
a Ng eK Gg (g on? Khe 


(20) 


and K ‘=, Var tke. Assuming n=1 in Eq. (20) we 
obtain a well-known result, namely the logarithmi- 
cally divergent field energy 

| » 

; } ee 


(see, for example, reference 9, page 399) where 
«=e"/he. The energy (21) must be subtracted from 
the energy (20) if we want to compute the effect 

of the dielectric on the field mass. 


To obtain the dependence of the index of re- 
fraction on the field mass, we employ the following 


equation 


(21) 


0 


4n Net & fi, 
S' Re — 2 


M1 yas) ee ae ees 
l h Gy. @ 1y@ 


(22) 


a ee 


where NV is the density of the medium, e, and m, 
the charge in the mass of the particles forming the 
medium, @, the resonant oscillation frequencies, 
and y the dnapite coefficient.* Then for n-l<1] 
the additional energy U ‘sU-U will be 


* We introduced the damping term in (22) to establish 
the correct integration path around the singular points; in 
the final results we put y=0 (transparent dielectric). 


: A. Sokolov and D. Ivanenko, Quantum Field Theory, 
Moscow-Leningrad, 1952. 


H = 
ae qg k—q 
Ven [Ko = Hq i Go Z| kno > 


p) 
Ve Qik” >, (Won. Viro <5 Un_oUon_ 


Ny 


(18) 


— Von,4 nso — Un oVon_)« 


3. We shall restrict ourselves from now on to a 
discussion of transparent dielectrics, for which 
pal, n=. In this case, substituting expressions 
(1 2), (13) and (3) into (18) and using (16) we 


obtain: 


(1 9) 
k—q | 
Ay 4 ral 
77 | fiyg | | 0? 
ewe eae (23) 
R 
where x 2m Ney 
[a nee Wee one 
Ui, oe rate (24) 
lee ° xaAx ue 2 
| Gl ase i, x) (x + V x ok 224) Vx? + iS: 
C dx | 
ke 
- Yer CG (i— x — in, x)| 


and the parameter ¢ ,=mc */Tw x characterizes the 


ratio of the rest energy me2 


of the particle under 
investigation to the binding energy of the electron 
(or other particles) forming the medium. 


The integrals (24) can be evaluated in closed 


form. In this case we obtain: 
7 2n Nez 
Oi, == —— nc Ra ~ (25) 
fz VOL mej 
bas Ge chad 
Oln ~ 
| Vem 
= 
(Vioi+1—1) 2 
- ss Ns 
Si arr ey 
(Ve+itiy 9 | 
pile 2 Hi ees ats 2 
“he Veqiert 


4. Let us consider the limiting case, when the 


binding energy of the electrons in the medium is 
considerably less than the rest energy of the 


charged Fermion, fiwy< mc”, i.e., €>1. Then 
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Qn Ne®\ 4 ig 
Oy — NC A a (2—In +), (26) 
: ete), Ck 
2m Ne? h2w? 2 
= 2 ee em i Min gees me 
U=Ame*, Am — mS fr mak mee (2 In The, ) (27) 
k 


Using the fact that 2f,=1, we Can write the last 


result in the following form: 


Am = — 5m (= (0)—1) (28) 
ho, \2 mc? 
x Cat) \ —ln hes) 


where €(0) is the value of the dielectric constant at 
zero frequency; welw, J, and wy is determined 


from the following equation 


Phe ple (29) 


If the dispersion of the dielectric constant is due to 


the bound electrons of the medium, then hw ,/me 

is of the order of «?, since m,=m and e,=e. In 

this case Am is 10-1! [¢(Q)-]] times the mass of 
the electron. 


For the hydrogen atom, for example, it is pos- 
sible to obtain from (29) the following level shift, 
caused by the effect of the dielectric on the mass: 


ay Ey H(i) ea 30 
AE = (< (0) 1) (72 (30) 


ide Pas 


GE 
x (2 — In 2ho, ) : 


of the order of (RA/n2)«°. 


frequency is of the order 


Ay ~ 0.01 (2 (0) — 1) (31) 


If n=2, the change in 


It must be noted that under normal conditions 
(under normal temperature and pressure) the incre- 
mental mass and the change in frequency caused 
by the presence of a medium are small compared 
with the corresponding Bethe quantities, but are 
nevertheless greater than the corrections required 
by the radiation field. 


Translated by J.G.Adashko 
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On the basis of the modal representation of A. Bohr and B. Mottelson 


1, 2. the inelastic 


scattering of neutrons by the collective levels of the target nucleus are calculated for the 
case in which there is no compound nucleus formation. 


- 


involving heavy nuclei (among which we include the 
inelastic scattering of neutrons) always pass 
through a compound nucleus phase. However, inthe 
light of the recent researches of A. Bohr and B. 
Mottelson on a collective model of the nucleus!>?, 
another mechanism for inelastic scattering can be 
considered: the neutron, in passing close to the 
target nucleus, produces a ‘ ‘tidal wave”’ in it, 


JNTIL recently, it has been assumed that reactions 


thus exciting surface vibrations (see reference 2, 


p. 158). 


1. CALCULATION OF THE ‘EFFECTIVE CROSS 
SECTION OF INELASTIC SCATTERING 
(GENERAL CASE) 


We begin with the Hamiltonian of the total 
system: target nucleus and passing particle: 


Hee (re; x) (1) 
= —av + H,(a,x) + U(r, 2). 


Here r represents the coordinates of the passing 
particle relative to the center of the target nucleus; 
« and x are, respectively, the set of collective 
coordinates and the coordinates of the individual 
particles of the target nucleus. The operator H 


defines the internal motion of the nucleus, U(r, «) 
is the energy of interaction between the scattered 
particle and the nucleus. Here we assume that the 
scattered particle interacts only with the collec- 
tive degrees of freedom of the target nucleus. We 
can assume, approximately, that the incident neu- 
tron moves in an average field, changes in which 
are connected to the collective motions in the nu- 
cleus. In view of the small compressibility of 
nuclear matter, this collective motion can be asso- 
ciated only with the motion of the nuclear surface; 
for example, we can take as collective coordinates 
the expansion coefficients of the equation of the 
surface in spherical harmonics: 

* This work was completed in November, 1954. 


1 
A. Bohr, Dan Mat. Fys. Medd. 26, 14 (1952). 


* A. Bohr and B. R. Mottelson, Dan. Mat. Fys. Medd. 
27, 16 (1953). 


R (2, 0) = Rol! i D>) ere Yau (3, ®)| ? (2) 
Ae 


where Ro is the mean radius of the nucleus. 
For a spherical nucleus, the mean field whichacts 
on the nucleon is spherically symmetric: 


U(r, «) = V(r) =fi(r/ Ro); (3) 
the equipotential surfaces, which include the sur- 


face of the nucleus, are concentric spheres. In 


adiabatic deformations of the nuclear surface, all 
equipotential surfaces will be deformed similarly; 
the potential in this case will no longer be spher- 


ically symmetric: 
U(r, «) = f(r/R(3,4)) =F), (4) 


where R (J ,¢p) is the expression for the deformed 
surface (2);-¢ , =r/R. 

We expand the function (4) about the point 
E o=t/Ro: 


bo) | 
: Ne ert ge a 
Tia = Lick art as n! oe” tine (¢ ie Se) . 


From Eq. (3) we obtain 
Of) / OF eee, aR Wao: 


Taking Eq. (2) into account, we have 


Oe, &) = V (r) (5) 
re Shige, Pe ee 
ts XI (—)? » o” Vary [ — Ne eer WYP 
eee ore 1+ >) my Yau @, 9) 
i ra 


In the study of processes involving excitation of 
the collective levels of the nuclei, we limit our- 
‘selves to the first two terms of the expansion (5), 
thus assuming the deformations to be small. We 
have for the total Hamiltonian in this case: 


Flos (FP, %, X) = — (h?/ 2M) V? (6) 
+ V(r) + Hala, x) + W (r, &), 


where the perturbation term is 
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W (r, 2) = 


ow) 
> Hors, Faatt v, oy, 02) 


or 
Deaita 


In order to estimate the magnitude of the effec- 
tivecross section of inelastic scattering, we make 
use of the general formula for the probability of 
transition between states of the continuous spec- 
trum,under the action of a perturbation, which does 
not depend upon time: 


dW yy = (2n/h)| Wy [2 6(Ey —E,) dv’, (8) 


where v represents the set of quantum numbers k 
and n (k is the propagation vector of the particle 
at infinity, n is the quantum number which char- 


acterizes the discrete levels of the target nucleus), 


E =E , +E), where E,, is the energy level of the 


Wie = \ Fae(0') ene (2, x) W 


= | Fo ( 


where the matrix element W,, %, is determined by 
means of the wave functions of the stationary state 
of the target nucleus: (13) 


Warn ce \ Gn (%, X) W (r’, «) Gy (%, X) (ax) (dx) 
r tru» ee (d', 4’). 


For the differential dv'in Eq. (8) we use the ele- 
ment of volume in wave space: dk “dk ‘yak ‘gs AB 
spherica] coordinates, 

dy’ = k’ dk’ dQ. ="/, k'd(k’”) d®. 
As wave functions for the incident and scattered 
neutrons we have the ‘‘distorted’’ waves F; (r) 
and F yAr), where Fy is normalized to unit cur- 


rent density and iS ‘to the 6-function in the space 
of the propagation vector: 


Fe = (45M | hk)" (14) 
“> PY QA+1 Ru (07) Yu (%, #7); 
= 
Fy = (2n)~ "lt 4p (15) 
>) ee ! Riv (1!) Vim (8, 4’) Yom (8, 9), 


rE m’=—l’ 
where 3 ,pare the angles of scattering, R,) are the 
radial wave functions. 
For such normalized functions 2) and Fy, », the 


expression qW yt is the differential inelastic scat- 


tering cross section 


r’) W ain ( 


target nucleus and F 
particle at infinity. 
The matrix element ike Le is determined by 


j, 18 the kinetic energy of the 


means of the zeroth approximation wave functions: 
OF ae Fy (8) ele X)) (9) 


where the gq («, x) are determined from the equa- 
tion 


Hy («, X) n.(%, X) = Enty (a, X); 


(10) 
and the functions F, (r) satisfy the equation 
| (2 | 2M) V; VEN Pat) =e 


We write the matrix element Mets in the form: 


0) Gy (0, (r’) (dr’) (dx) (dx) (12) 
TO ee er ar) 
day =4nMh 2 k'| We'd. ae) 


We have already carried out integration over k ’ 


in iq. (16), which yields the value for k’: 


k' == [2Mh? (Ee — NE ga 


Ah, — 1 Ber ao se. 


The effective cross section of inelastic scatter- 
ing of an unpolarized beam of neutrons tis equal to 


dann = Ole Seo (17) 


Ma Mp 


where M, and Mp are the projections of the spin 


of the ee nucleus in the ground and excited 
states. Carrying out a series of calculations, we 


get 


asap = dQ yy B,(R', k) Ps (cos 9), 


J=h ql 8) 


where P; (cos # ) are the Legendre polynomials, and 
the coefficients B, (kk) are equal to 


i 


Bi (k',k) =s5 7 (19) 
LAt!B 
(Roy Ope Aa tee) 
A=|! 4—/B| 
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L ism L/44 
Kay 


Ay, (k', R) =+ > Mi >) > 


LJ 
L=0 L's= | L—J | l-= | L—A| V=\L’—A\ 


< (21 + 1) (QU +1) (LL'00| LL'JO) (11/00 | £'J0) W (LLIN, Ji.) 


(—-A(2L - yar! =) (20) 


(21) 
Pee, b= 2Mn-*\ Rw (1) 


0 


WLL 11% J) are the Racah coefficients’ ’* ,(ab00| 
abcQ) are the Klebsch-Gordon coefficients. 

In Eq. (13) we have replaced the matrix element 
W 7, by the matrix element <«Ap> of the multi- 
pole moment of transition according to the equation 


(see Appendix) 


Rei (r) rar, 


OV (r) 
or 


oN . (22) 


Kany =(4e /3 Ri) (A 
(—) 2 (gla — MaMa | lela ne) OY, 


It can be seen from Eq. (18) that the total cross 
section of inelastic scattering is equal to 


cag = 47 By (k’, R), (23) 
with B, from Eq. (19), Eq. (20) reduces to 
. ioe (24) 
An(k',k)= =>, 2 (2L4+1) 


jy 
(21-1) (£100) 22.0)? | Pri (Rk, &) 17. 
Knowing the quantities Qp ,, which characterize 


the collective levels of the target nucleus, we can 
calculate the differential and total cross sections 


of the inelastic scattering of neutrons by Kgs. (1 8)- 


(24). 


2. EXCITATION OF THE ROTATIONAL LEVELS 
OF EVEN-EVEN NUCLEI 


We now investigate the important case of the ex- 
citation of the rotational levels in heavy even-even 
nuclei. It is known from experiments that the low- 
est energy levels of even-even nuclei, far from 
closed shells, satisfy the relation: 


Eesha) OL al yo 00 7A eee (98) 


3 
L. C. Biedenharn, J. M. Blast and M. E. Rose, Rev. 
Mod. Phys. 24, 249 (1952). 


4K. Alder, Helv. Phys. Acta 25, 235 (1952). 


) 
x (LIOO|LIAO) (L'VAO|L'L/20) Re [(—i) YT! Pri (R', R) Pow (R', RDI; 


where /=3B£ is the effective moment of inertia, B 
characterizes the total deformation of the nucleus, 
B is a parameter associated with the mass. 

In the energy region close to the ground state of 
the nucleus, the most important type of collective 
motion is the quadrupole vibration of the surface. 

In the adiabatic approximation of the Bohr-Mottel- 
son theory, the wave function describing even-even 
nucleus in the lower energy ‘states (25) has the 
form 


(26) 
{OFT 
ae / Ynony (8, 4) %o Damo (4), 


where the functions Dio (8, g w) describe the nu- 
clear rotation; 3, g w are the Kuler angles which 
fix the principal axes of the deformed nucleus rela- 
tive to the fixed system of coordinates; / and M are 
the spin of the nucleus and its projection on the 
fixed axis z. : 

We consider transitions between states which are 
characterized by the quantum numbers / =Q and 


(ry 4 


Iy=l. We seek the quantity Q ) = Q'- It can be 


shown (see Appendix) that 


1/2 
we 10(4 —1) (4k — 3) Pb A) 
=I |szearatarzty| | Cee 27) 
B=) 
We have for the wave functions (26)2 
5Th (26 —1)]'l2 Oo 
Qs? se—5 ae [: =m 07? (28) 
stents 10 (42 — 1) | IZ 
ros (21 lye aay, (23) 


where Q) is the internal quadrupole moment of the 
target nucleus”, The magnitude of Q) character- 
He the degree of deformation of the nuclear mater- 
ial. 

Substituting Eq. (29) into Eq. (23), we obtain the 
total effective cross section of inelastic scattering 
of neutrons on the rotational level of the heavy 
even-even nucleus: 

Gor = (45/9) (Qo/2ZRt)' Aor (R', 8), (30) 


[tome D PAR Oe 
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M 8 


Agr (k', k) = = 


& 


0 l= 


<< 


where Ey is the energy of the rotational level (25), 

If we assume V (r) to be a potential well with 
sufficiently steep walls, we get from Eq. (21) (with 
a high degree of accuracy) 


Py (k', &) = 2Mh? Riz (Ro) Vo Rut (Ro) Ros (32) 


where ie is the effective depth of the potential 
well, Ry is the radius of the nucleus. ( For a 
square well of depth oe and radius R |, the sderiva- 


tive oV (r) /or=V 5 ip : a 
fied exactly), o5(r-Ro); therefore Eq. (32) is sat- 


The radial functions Rr ) can be written in the form® 
Ryt (r) = ce (Rr)? Gui (r). 
The functions G 4,7) have the asymptotic form: 
Gir (r) ~ sin (kr — 1/, la + 8), 
where 5-0 (V (7), k) is the phase shift. We can now 


write 


| Pri (R', k) |? (33) 


= (x | Givz (Ro) |? x? | Gat (Ro) ? xo RG, 


where x=kR ., x =’ R, and xo =2Mh? Vo Ree 


Let us consider the square well. In this case the 
functions G (eo) are represented by Bessel func- 
tions of half integer order. Chiefinterest lies in the 
case of such values of L and x, for which the 


relation 


) 
0, oe 


is satisfied. This equation is the condition for the 
existences, in the case of the square well, of a 
one particle level with energy Ey0 and angular 
momentum L. In this case, forx’ < 1, 


5 Mott and Massay, Theory of Atomic Collisions 


Laer 
SQL +1) (24+ 1) (L 100} L10)?| Pra (R', 2) P, (31) 
ere 


1 OMnA(E— AE,), AB, = ES 'E,, 


Gwe (Ro) = (JE (2/2x'"2 Bay (xt) 85) 


sme eee 


It is seen from Eqs. (30), (31), (33) and (35) that 


Ul 


for x '—( (at the threshold of inelastic scattering ) 


Du, ee 7 as aresult of the terms in (31) with 
L=O and L=] . 
For L=0 or L=1, we get [ from Eq. (34)] cos x =O 


and sin x= 0s tie%, 


A= 2k) lO (36) 


If we take as the depth of the well V)=28 mev, then, 
for example for n=8, we get from Kg. (36) R)~8.2 x10: 
cm. Thus for nuclei with mass number A~ 180(K = 


8.2 x 10°13 cm), the effect of excitation of the rota- 
tional levels can be very pronounced (elements Ta, W, 
etc.). 

It can be assumed that, within the framework of the 


assumptions we have made, the general character of the 
behavior of the cross section of inelastic scattering 
ought not to depend essentially on ihe form of the 
potential well (for given effective depth and radius) 
Calculations of the cross section of inelastic 


scattering on the first rotational level of Mere 


E ,y=123 kev, IQ, | ~18x 10°24cm? *) give Oyo 10°24 to 
10°73cm7*, in dependence on the depth Vee of the 


square well and the energy E of the incident neu- 
tron: 


* Such a value for Q, is obtained from the energy of 


the rotational levels of W18®. To use the value of Qo 
obtained from electromagnetic data (spectroscopic 
measurements, half life measurements, Coulomb exci- 
tation, etc) would be incorrect since the deformation 

of the nuclear material can be distinguished from defor-. 
mation of the charge. Measurements of the cross section 
of inelastic scattering of neutrons with excitation of 
rotational levels can appear to be new (i.e., besides 

the energy of the rotational levels) precise data on the 
degree of deformation of the nuclear material. 
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Vo = 28 mev 
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It is evident from the table that in the case of 
one particle resonance the cross section of inelas- 
tic scattering without the formation of an inter- 
mediate nucleus can reach a considerable size. 
For comparison, the cross section of inelastic scat- 
tering with excitation of the first level of Maa 


passing through an intermediate nucleus, has been 
calculated according to the theory of Hauser and 
Feshbach®. For energies of the incident neutron 
of E=0.2 mev, the cross section was equal to 0.6 
barn. Thus in some cases the two mechanisms 

of excitation of the lowest level of the target nu- 
cleus can concur. The problem as to which of 
these mechanisms dominates can be solved only 
by experiment, on the basis of investigation of the 
path of the excitation curve of the first levels of 
the target nucleus in their dependence on the en- 
ergy of the incident neutron. We note that, recent- 
ly, Guernsey and Goodman ’*® observed inelastic 
scattering of neutrons with E=1.1 mev on the first 
rotational level of Ta (Ey =136.5 kev) which 


occurs, in their opinion, without formation of the . 
intermediate state. 

The authors consider it their duty to thank Prof- 
essor A.S.Davydov for his valued advice and 
interest in the present work. 


APPENDIX 


1. CONNECTION BETWEEN DEFORMATIONS 
AND MULTIPOLE MOMENTS 


1. We define the multipole moment of a system 
of nucleons as follows: 


A a 
Qy = > @ en (9p, ¥p), ~~ 


p=1 
If the number of particles is large, we can change 
to a continuous distribution of nucleons, i.e., 


© W. Hauser and H. Feshbach, Phys. Rev. 87, 366 
(1952). 


? J, B. Guernsey and C. Goodman, Bull. Am. Phys. 
Soc. 29, 48 (1954). 


8 J. B. Guernsey and C.Goodman, Phys. Rev. 95, 636 
(1954). 


Cu Ve Yin (, 9) od V, (A.2) 


where p is the density of nucleons in the nucleys. 


Taking p to be constant, we have p=A/(47/3) Ro 


and carrying out the integration over r in (A.2), we 
obtain 


A 
Qau =F 


a 4 
TROLS) \Y au (9, 9) RATS (9, 9) dQ. 


For small deformations, 


Rese Ry ena oe) >) Xv You (8 1, 
Ay B 


therefore 
Qau = (8A/4z) R} ory , 
; ae (A.3) 
Oru = ug s ie Y; > f 


2. We have for the matrix elements of the opera- 
tor “Dy 


(A.4) 
ty, > = eahotihe =a) * : 
ae 3AR* a \ bs rn Y*yy (Op, Op) bade. 
pL 
We make use of the well known expression:9 
(—)"8 pla — Mp Ma\Io Tad) (A.5) 


x QB (2 + 1)/4a)"" 
= |95 rs Vin Or. ¢p) Bade =O Vin One), 


Whence we obtain Eq. (22) 


°K. A. Ter-Martirosian Ae 
22, 284 (1952), , J. Exper. Theoret. Phys.USSR 
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2. RELATION BETWEEN MULTIPOLE MOMENTS 
OF TRANSITION OF VARIOUS ORDERS 


1. For the spherical harmonics Yu (9,9 it is 


easy to obtain the relation 


! ! A a 
(22002102 0) (EY V4 (8, 9) 


Se An 
[(2l’ + 1) (21 + 1)]"/2 


xD) (LUM! ml!) Ym (%, 2) Yin (% 9). 


m,m! 
From this we get 


(11.00 | 1'D. 0) = i)” (P Yan) 


Art 


x Dy (LLm' mrp) (r¥ Vom NC Vin?) 


) 


An 


/ 1, 
(1'100|1'.0) (seer) | (—) "8 (Fe la — Mp Ma | fn Ty dw) 


whe an ys 
(41) Qn 41))'2 py 


m,m’,M 


2! = id 


X (l'Im'm|lD.) (—)" - 


In Eq. (A.7) we can carry out the summation over 


SSS (S" Vel— MoM Up I'm’) (Ub ml! Dy) (Ha — MMa| Ha Un) 


m m' M 
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where 


A= EP +1. 


2. For the matrix elements that are defined by 
means of the wave functions (26), we have 


(2100 | 20.0) (4/224 1) Cr ¥3,5  (A6) 


= tm) Ce ee 
Y IM 


m,m 


where the summation i8 carried out over the inter- 
mediate states. Making use of (A.5) we get from 


(A.6) 


Di ed 
Tpla Att (A 
1 i) 
2 yr 1 fo, t A 
(—) Me (a) (Isl — MgM| [pil'm') 
* (Il, ~ MM [Ila Im) QI) Q)?, . 
the magnetic quantum numbers: 
(A.8) 


— (—Ya-! [(27 + 1) (2U' + 1))"2 (lela — MeMa | Iola) W (Teil; U7). 


Now 


(100 | 112.0) Q Pr, 


(A.9) 


= (—)la [(2l + 1) (20 + II" 
Dowias, Wem 140), 
fi 


where , =/' -+ 1. 


3. Making use of the relation 


W (Ip dll; 01’) 


= (8 (lg + I (QL + 1“ Br ga Ban 


we get 
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(1 0010.0) QR =(—p-" VW LEE QD Qi. @ , QB O=2,4,6...) (A.10) 


Eq. (27) follows readily from Eq. (A.10). 
We set 1'=2; then it follows that 


Translated by R. T. Beyer 
18 
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As a further development of researches!-49n the quantum theory of the ‘ ‘luminous’’ 
electron, a formula has been obtained for the differential spectrum of radiation which is 
uniformly valid for any spectral Soa de: for the comparitively small energies of the radiating 


electron, E<<E =me2(2Rme/3h) /2 


1/2 


as well as for energies E~E , ,, and EPPE, /5: 


A closed formula for the total radiation energy (valid for arbitrary energies of the radia- 


ting electron) and a formula for the ‘ 
electron have also been obtained. 


1, INTRODUCTION 


N works on the quantum theory of the ‘‘lumi- 

nous”’ electron! *’, a formula has been found for 
the total radiation energy, taking into account the 
first quantum correction. This formula is valid for 


energy of the radiating electron EXE, o> A simi- 


lar result has been obtained more recently by 
Schwinger.* A formula was obtained in reference 3 
(see also reference 4) for the differential spectrum 
at these energies. Klepikov? has obtained for- 
mulas which characterize the angular distribution 
of the radiation. These formulas are also correct 
for energies E>E, /2" Formulas for the differential 


spectrum were not obtained in this research. The 
differential spectrum was calculated for a series 

of energy values, with the aid of numerical integra- 
tion. 


Want: ois 2 ( dQ 2 dxDp, n'; s, 3/0( K= IK x), 


where 


“critical’’ radiation frequency of the 


**luminous’’ 


In the present research a formula is found for the 
differential spectrum of radiation of the ‘ ‘luminous’ 
electron which is uniformly valid for any spectral 
range for arbitrary energies of the radiating electron. 
A closed formula for the total radiation energy 
(valid for arbitrary energies of the radiating elec- 
tron) and a formula for the ‘‘ critical’’ radiation 
frequency of the ‘‘luminous”’ electron have also 
been obtained. These formulas permit us to obtain 
a number of new physical results. 


? 


2. ANGULAR DISTRIBUTION OF THE 
RADIATION 


The formula which characterizes the spectral 
composition and angular distribution of the radiation 
(see, for example, reference 3) can be written in 
the following form: 


(21) 


Dn, njs, 7 =| % [? + cos? D fay |? + sin? | a, |? — (afta, + af ay) sin 9 cos, 


KKi— he 


| o, i? = lia a ees + pore _ SR? 


KK'— ke 


| ay is a Tea oS + Toman) > i 


1 4. A. Sokolov, N. P. Klepikov and I. M. Ternov, 
J. Exper. Theoret. Phys. USSR 23, 632 (1952). 

2 A. A. Sokolov, N. P. Klepikov and I. M. Ternov, 
J. Exper. Theoret. Phys. USSR 24, 249 (1953); Dokl. 
Akad. Nauk SSSR 89, 665 (1953). 


4yV inn’ 
“ Reale) ’ 


_ 4yV inn’ 
Ee ’ 


A. A. Sokolov and I. M. Ternov, J. Exper. Theoret. 
Phys. USSR 25, 698 (1953); Dokl. Akad. Nauk SSSR 92, 
537 (1953). 

4 |. Schwinger, Proc. Nat. Acad. Seis 40, 138 (1954), 

5 N. P. Klepikov, J. Exper. Theoret. Phys. USSR 26, 
19 (1954). 
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2 KK’— ke 
[a2 |? = Isis ikke. 


—4- 45 2 
ay Xz 4 az ty = — Is," KK 


——— SS 
K= V 2 +4yn, K'= V ke + 4ya' +x cos?0, x= 


V 4y-% cos 9 
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4y V nn’ 
(Hie ae [eter Tage aaa) ee Tn wl amt, raat ’ 


AK‘ 


{In ,n'—1 n—1,n'—1 + Tn—intl ands 


x? sin?d __ ¢ 
4y Des? 


Inn (x) = (alae 2x OV a) (x), 


n is the principal quantum number, s the 
i : i (n=n )(x) 
radial quantum number. The function Q("9 


is the associated Laguerre polynomial, 


The expression for ® : can be greatly 


n,n ’ ss, 
simplified by means of relations among the functions 

+. Using recurrence relations among the 
['aguerre polynomials, we get the following rela- 
tions among the ie rt 


VR PS = Vly n'—1 —_ Valine 
Vila iby — V tlagei ae Midna, n’—1° 


By differentiation of the ee (x) with respect to x 
and use of the relations just written down, we can 
show that 


(2.2) 


(2.3) 
= = das oe - 
V alan <= Va lant = lava aE Vx) Tan's 
= = d = 
Villon ——— Volant = re: — Vx) } eee nile 


Further, taking into account the equality 


By) mar (ty ee) (2.4) 
which arises from the conservation of energy 
(K-K‘' =x), the expression for o Vg-g’ can be 
reduced to the following form: 
(2.5) 
a0) Te 4y ke 2 le 2 
ny!;8,8' — 4s,s! (x) KK’ IB cig d ( nn! [n—1,n'—1) 


4. XG thew + (peers 


, / 
Ae Xx Cn alan’ Sere jE Inn). 


Problems involving a change in trajectory, where 
it is important to take radial quantum transitions 
into account, were considered in reference 3. Since 
we are presently interested only in the problem of 
the intensity of the radiation, we can carry out the 
summation over s‘ with the aid of the relation 


2 de s‘=l. If we further change to the dimension- 
Ss 


less variable €=x/2,/7Y we can write the expres- 
sion for the total radiation energy as 


(2.6) 


(2.6a) 


Oye) a eee 
Wn = ~ceA \ ee 3 [v,, (6)] a; 


$—A+V Aaa por, 


-S 
a 
mo 
Se 
I 


> 


“De (6) = ctg? a Pinar “— TL ipeion) 


&3 sin? > 9 19 
+ Fa — Ln, n—m Ss 1 4—1,.7n—1—m) 


& sin? 3 
Az 


4 / 
(Le, n—ml asn—m ae Tn—1, n—1—ml n=1,n=12m); 


+ 


where the argument of the function] _, is 
&’sin9, and the prime on the / indicates, the deriva- 
tive with respect to this argument. 

For further computation, in order to avoid the 
complicated argument which results from integra- 
tion with 6-functions, it is appropriate to transform 
the integral in Eq. (2.6a) to a surface integral by 
means of the well-known formula 


\...3(9)de= \ ...d3/|Vo9\, 


e=0 


(2.7) 


where do is an element of the surface g=0. We then 
get, in place of Eq. (2.6a): 


Wn=—ceA On, (é) (2.8) 
ay ‘ (Be_Ion) (AE) A 


Here S| is the surface in the space of the dimen- 


sionless quantity (€), determined by the equation 
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& 
@ AS )=0; do is an element of thissurface; n is 
the outward drawn normal to this sur- 

face. There is axial symmetry relative to the z 
axis. 

Each of the surfaces §_ gives a spatial picture 
of the distribution of the radiation fre quencies for 
the quantum transition n ~n‘ (n-n'=m). The 
wave number of the radiation in a particular direc- 
tion, in the dimensionless units employed here, is 
equal to the modulus of the radius vector drawn in 
this direction from the origin to the intersection 
with the surface S_. It must be noted that, in the 
transition to very high frequencies, radiation will 
not be possible in all directions. The maximum 
possible angle between the direction of radiation 
of a given frequency and the plane of motion of the 
electrons (in the classical sense) decreases all the 
more strongly with increase in frequency. Such a 
decrease in the angle of possible radiation is a 
consequence of the law of conservation of energy-- 
momentum. 

In the entire region of frequencies of interest to 
us, the discrete spectrum is equivalent to the con- 
tinuous, and we can therefore make the transition 
from summation over m to the integral 


A (2.9) 
WW Windm. 
0 


in forming the total energy of radiation. In this 
transition, the family of surfaces 5 _ fills the en- 
tire space, the boundary of which is defined by the 
equation ¢,=0. on 

We take it into account that in the transition 


from one surface to another, the identity g=0 exists. 


It follows from this identity that 


80m (2.10) 
dm=2(A—&) a Nl, 


Wh DAE —— €2 sin? a, 


where dn is the differential normal to the surface 
~,=0- Substituting (2.10) into (2.9), taking the 
value of W, from (2.8) and considering that 

dodn=d* ¢ is an element of volume in the dimension- 
less space in which we are working, we finally ob- 
tain 


oy 2 * (211) 
W=2ceA | o (@)  d%, 
me 2AE—Esin2d 
Vn 
where ae is the volume bounded by the surface Sn 


For what follows, it is appropriate to change to 
other units. In the units employed here, the wave 


number of the fundamental classical vibration 

66 . 
(the ‘‘ fundamental’’ in the sense of the classical 
the ory of the ‘‘ luminous” electron) is equal to 
€ o=1/2A. As the new independent variable, 
we select the ratio of € to oa i.e., what in the 
classical the ory of the “‘luminous”’ electron in the 
discrete spectrum is known as the number of the 
harmonic. Setting v =2A€ we obtain 


(2.12) 


R=\"n/y is the. classical radius of the trajectory_of. 


the motion of the electron. 

We further make use of approximations of the 
segs hae ‘(x), correct over the entire spec- 
trum >, 


In, nt (X) = = Tay ue oa (2.13) 


Ve 


4 3 
oleh rons eneba —yeyee) | 
Ia | Bi V nn (Vin Vn (1 ex. IC. 

(2.13a) 
. 4 
{ Vinn’ x 
~ nWV3(Vn—Vn’) ( (ViVi 7) 


eae (x) 


at a ree x Sle 
x Kay.) V an' (Vn cy 7) (1 — ve) 


and neglect terms of order V1-B? in comparison 
with the fundamental terms, we get the following 


formula, which characterizes the angular distribu- 


tion of the radiation: 


poss (2.14) 
u ~ R232 

eC y2dy r ‘. 2 tt) 5 

x | SS sin ddd le Kt, (3 og et) cost 


ot 72 4 v tia\ 
+ 99 Ka), 2 (Waasipn 4) 


\ 


4 /v\2 ye oy v at /2 
+35(3) (1 = $[Ki.(g im") 


By eal ) eieN I 
+ KG, 3 fon. ® yi, 
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where e=1-B?sin’9, dy*dvsinddddyis the element 
of volume in spherical coordinates. Integration over 
pean easily be carried out in fq. (2.14), since the 
integrand does not depend on ¢. 


3. DIFFERENTIAL SPECTRUM 


In order to get the differential spectrum, we must 
integrate Eq. (2.14) with respect to 8. In this 
integration, taking into account the exponential 
fall. off of the integrand as one departs from the 
angle #=n/2, we can make the change of variable 
cos 9:=x and extend the limits of integration to infinity. 

The integrals appearing in Eq. (2.14) are com- 
puted by means of the theory of the Mellin trans- 
formation. For example, for calculation of the 
integral 


leo) 

© 2 Baali2 pe 
i \ XPeyKr, (pes) dX; 

U 


we must take into consideration the Nicholson in- 
tegral 


(3.2) 
K, (2) K, (2) =2\ Ky Qz cht) ch (p + 9) ede, 


0 


and also the value of the integrals 


oP ty | : 7 f 
\ i ae = gt OP q); (a ee 0), (3.4) 
ae “ 
\ Pe a = DB gE Pg p), (35) 
neler ae 


0 


(Reg > | Re p)). 


2 
1/3 
of Eq. (3.1) with the help of Eg. (3.2), and express- 
ing the function Ky (aneek enters into the result of 
this representation ) by means of the equality fol- 
lowing from Eq. (3.3) i Mellin’s theorem] . This 
lowers the order of integration and is possible be- 
cause of the absolute convergence of the integrals 


We express the function K in the integrand 


A. A. SOKOLOV AND A. N. MATEEV 


where 


xia (Eau s Seen el eae 
ra (+) B( Dar +) B( oO ee 


Oy. S25 O92 fe ole 
fg = 1 — 8? Po = Py: 


If we transform the expression for (us) by means of 
the product formula for the gamma function, 


P(2yP(z+—)...0 (24S) 


n 


(3.7) 


= (Qn) "VD y'l2—"2D (nz), 


we get 
- (3.8) 
== w So Ks Xx dx — Kz), (2p | 
Lays? Ve ee 


The other integrals are calculated in a similar way. 
As a result, we get the following formula for the 
differential spectrum of the ‘‘luminous”’ electron: 


24 
w= \ aw, (3.9) 
y=a0 
1 5e2 °c 
dWy = re Fe eu a | \ Ku, (x) dx 
3 =r |! 


w Wf, y \—1 2, y) aie. | 
* (x) (: 4 Ku, 7am, ca*)} 


This formula for the differential spectrum is appli- 
cable for the entire spectrum, both for energies 


E<<E, 7228 well as for I jgand E>>E, /2" A 


formula for the differential spectrum which is valid 
for EXE, 2 was obtained in reference 3: 


(3.10) 


mo? 


ad 


Baal OP oe lr Ne e 
2 Rem (aa) Kay), 


y = (20 /3ea,)(me2/E)®, w) =c/R. 
This formula can be obtained from Eq. (3.9) if we 


limit ourselves to accuracy of first order in v/n. 


We have 
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\ Rs), (x) dx 
2 M eof 2 apeaka I 
3 1—v/2" 0 3 0 
Since 
rae er ee OFIED od (3.11) 
3 ao 3 a E Ts ue "4 
and 
(3.12) 


1/2n = (h/ Rmc) (mc? / E), 


we can write Eq. (3.9) in the form of Eq. (3.10) 
with accuracy to first order in v/n. 

The functions which enter into Eq. (3.9) for the 
differential spectrum have been studied in the 
classical theory of the ‘‘luminous”’ electron. 
Therefore this expression makes it possible to 
study in full detail the entire spectrum of the 
**luminous”’ electron for arbitrary energies. In the 
study of the spectrum it is expedient to take the 
overall magnitude of the spectrum as unity. Then 
Eq. (3.9) takes the following form in the independent 
variable &v/2n=hw/E(0< &<1): 


foe} 
2 


dW = (2 Fede 
nVB\h/ 
E/(1—E)E 


(3.13) 


Ks , (x) ax 


where 


C==(38/ ZRmce)(E / me")? = (E / E:.)*. 


In the case of extreme ultrarelativistie energy 
(€>1) we have, for almost the entire spectrum 
(with the exception of the immediate vicinity of the 
far limit of the spectrum(€-1): ¢/ (1-—€) ¢ “1, so 


that use can be made of the asymptotic formula 


K(x) = SRE SVG as ee agin ce <<< 0. (3.14) 
The asymptotic formula for the differential spectrum 
has the following form: 


R T ii 3 
i antl s rh tl aes \ 
In what follows we verify the applicability of this 
formula for the description of almost the entire 
spectral range in the ultrarelativistic limit by the 
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calculation of the total energy of radiation. 


The form of the spectra for the values E=E 
i 


and E=10E | ; 4 is shown in Figs. 1 and 2, where the 
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Fic. 1. Quantum and classical (dashed curve) 
spectra for E=E) j5 
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Fic. 2. Quantum and classical (dashed 
curve) spectra for E= OE) jy 
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spectra given by classical theory for the same con- 
ditions have been plotted for comparison. 
Analysis of the spectra for all energies shows 


that the criterion for the applicability of the classi- 
cal theory of radiation of the ‘‘ luminous’”’ electron, 
which was established in the previous researches, 


Ce 7, (3.16) 


J SS 


has meaning only in relation to the calculation of 
the total radiation energy in the classical theory. 
So far as the applicability of the classical theory 
to the analysis of differential spectrum, the cri- 
terion mentioned tells us nothing. Relative to the 
applicability of the classical theory to the analy- 
sis of the differential spectrum, we must note that 
tirst, the classical theory is in general not appli- 
cable for the study of the far portions of the spec- 
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trum, independent of whether the criterion (3.16) is 
satisfied or not; second, the relative region of 
applicability of the classical theory for the analy- 
sis of the differential spectrum, i.e., the region of 
applicability for fixed relative error, taken in rela- 
tion to the total magnitude of the spectrum, does 
not depend on the criterion (3.16) and is approxi- 
mately constant. In particular, for example, if we 
set ourselves the goal of comparing the results of 
the quantum and classical theory relative to the 
density of radiation in a certain frequency interval 
(say in the visible light spectrum) , then the agree- 
ment between the results of the classical and 
quantum theory will improve considerably with 
increase in energy. 

It follows from the analysis of the spectra that 
the dependence of the form of the spectrum on the 
energy is weakened with increase of the energy of 
the radiating electron. In the limiting ultrarelativ® 
istic case, the form of the spectrum is practically 
independent of the energy. 


4. THE ‘‘ CRITICAL” FREQUENCY 


First of all, it is evident directly from Eq. (3.9) that 
the number of the ‘‘ critical’’ harmonic vf in the 
continuous spectrum, this is the ratio of the ‘* critical”’ 
frequency to the frequency of the fundamental @ =c/l) 
at which the maximum energy radiation density is lo- 
cated, can be formally defined, just as in the classical 
theory, by the condition 


yp MG a | 
3 1—v,fan 0 (4.1) 


If we take Eq. (3.12) into account, we arrive at the 
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following expression for the “‘ critical’ frequency: 


© = (3¢/2R)(E/ me?) (1 4.2), (4.2) 


This coincides with what was obtained by 
Klepikov® without development, on the basis of a 
consideration only of the density of energy radia- 
tion in the direction of the maximum angle of 
radiation & =7/2. 

However, Kq. (4.2) is not sufficiently rigorous. 
Actually, as is known, it is assumed in classical 
theory that the ‘ ‘critical’’ frequency oo is de- 
fined by the following expression 


cl, (4.3) 


c (3¢ / 2R) (E / mc*)*. 


As a direct construction of the classical spec- 
trum of the radiation of the ‘‘ luminous”’ electron 


shows, the critical frequency actually amounts to 
approximately one fourth this value. The quantum 
formula (4.2) reduces to the classical formula 


169) 


BSE, 
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(4.3) at comparitively small energies of the radia- 
ting electron €<<1. The ‘‘critical’’ frequency is 
virtually the same as in the classical case, being 
about one fourth this value. Thus, in order to ob- 
tain the ‘‘critical’’ frequency, it is necessary to 
multiply the value obtained from Eq. (4.2) by the 
factor g, which is approximately 1 /4 in the case 

If the value of this factor did not de- 
the energy and was equal to the same 
constant value ] /4 even at energies E~E ,/,, and 
E>E, (2? then Eq. (4.2) would have been rigorous, since 
the limitation on the constant factor is not essential, as is 
also the case in the classical theory. However, as 
direct construction of the spectrum shows, this 
factor is actually not a constant quantity, and 
increases somewhat with increase in energy, ap- 
proaching unity in the extreme relativistic case 
¢> 1. Therefore, the more rigorous formula for the 
“‘ critical’? frequency has the following form: 


a, gC) Ge PIR UE mel ea, 


The function q(¢) appearing in this formula can be 
found by graphical methods. The results of such a 
series of calculations are shown in Fig. 3. 
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FiG.3. Graph of the function q(O 


5. TOTAL ENERGY OF RADIATION 


To obtain the total energy of radiation, it is 
necessary to carry out integration in Eq. (3.9) over 


v. Making the change of integration variable 
Lact eeu Riee (5.1) 
ere ner —yjln 0? 


Ms Can represent the total radiation energy in the 
orm 


jane (5.2) 
2 ce 4 3 : 
she (as) 2(5); 7 (0) = 9 (6) + Ce, (0), 
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VI Ky), (x) de | (5.2a) 


) a Vee Ka) (x) ax 
| 8n \ (14-Cx)F ° 
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We can express these integrals in the form of 
hypergeometric series for the cases € >] and €<1. 
For ¢<1, the series are semi-convergent. For 
¢€>1, the series will converge. The latter series 
defines an analytic function of € on all planes of 
the complex variable €. However, the hypergeo- 
metric series, as well as the closed formula for the 
total radiation energy, are difficult to work with. 
Thus,it is difficult, starting from the latter hypo- 
geometric series, to obtain an asymptotic expansion 
of the total radiation energy for «1. Therefore, 
we calculate these integrals in such a form that that 
formula which is obtained can be used in practice 
as a closed formula for all values of ¢. 

Writing the integral for A (z) in the form 


: V3 at xKy, (x)dx (5.3) 
rail ( ) = 167 ot \ 1 a Tx 
9 


we can, with the aid of the Mellin transformation 
theory, represent the expansion for Q(¢ ) in the form 
of an integral 


(5.4) 


bial 2 Ar s 5) 
mrs Peper g 


Q=-tas | : eens 
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Introducing the notation 


y(2 j= 0’ (J, (2) — J) (2)! 


ot ed, (2), 


where J,,(z) is the Bessel function and J, (z) is an 
Anger function, and closing the contour of integra- 
tion in Eq. (5.4) at infinity on the left, we get 


Veca «(5.6) 


The integral g, (¢) can be computed similarly. 
Carrying out the calculation, we obtain the follow- 
ing expression for (€ ): 
are ee (5.7) 
A jyee 2 SE |) 

Bis lokam oC? 


¥ By ®, (¢/%) V3 1 


The functions on the right side of Eq. (5.7) are 
well known. In the calculation of Eq. (5.2) this 
expression gives a closed formula for the total 
radiation energy. 

For € >1, use can be made of series expansions 
for the Bessel and Anger functions, keeping the 
desired number of terms. The principal term for 
the total radiation energy in this case has the form 


i) ~ 2222/3) ee? (Rme “ Eo ee (5.8) 
cies. = poo Nena mney 
To find the asymptotic expression for the total 
energy of radiation for € <1, we can use the well- 
known asymptotic expansion (see reference 6) 


(Zh ae ee E v (2? — y2) (5.9) 
‘ : TZ 2 23 
v (22 — v2) (42 — y? 
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from which it follows that in this case 


®, (z) = 2cos—n “= (- y(2e=yzy = (5210) 


a ee 
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Upon consideration of Eq. (5.1 0), it follows from 
Eq. (5.7) that for <<] the asymptotic expression 


6 G.J. Watson, Theory of Bessei Functions. 
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holds. This coincides with the asymptotic expan- 
sion found in the direct calculation® of the total 
radiation energy in the asymptotic sense. 

It was pointed out above that in the extreme rela- 
tivistic case, one can, for the study of almost the 
whole spectrum, make use of the asymptotic 
formula(3.15). With the help of this formula, we 
can also compute the principal term of the total 
radiation energy. The result coincides with Eq. 
(5.8) . In comparison with the total radiation energy 
given in the classical theory, a decrease of many 
orders of magnitude is observed in the extreme 
relativistic case . However, such a decrease comes 
about chiefly from the fact that in this case, classi- 
cal theory takes into account mainly the frequen- 
cies which ought not to radiate. If, in the calcula- 
tion of the total radiation energy by the formulas of 
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classical theory, we restrict ourselves in the inte- 
gration only to the region of frequencies which 
actually radiate, @ © E/h (it must be emphasized 
that it is impossible to incorporate such a limita- 
tion of the range of integration into the framework 
of the classical theory), we then get the following 
expression for the total energy: 


(00) 
We (6212) 


7 
c 
x Ble 


(40)? (ce?/R?) T (2/5) (Ric | By‘ (E | nec?)", 


The constant A enters into the formula as a result 
of the upper limit of integration. 

In this case the classical theory describes al- 
most the entire spectrum sufficiently well (with a 
relative error not exceeding 10%). 
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Letters to the Editor 


Neutron Spectra in the Bombardment of 
Tritium and Deuterium by 14 mev Neuterons* 


G. F. Bocpanov, N. A. VLAsov, S. P, KALININ, 
B. V. RyBakov AND V. A. SiporRov 
(Submitted to JETP editor June 21, 1955) 

J. Exper. Theoret. Phys. USSR 30, 185-7 
(January, 1956) 


N preceding articles by the authors’ and by 

others”, a maximum in the cross section for the 
reaction T(p,n) He® was observed at proton ener- 
gies of 3 mev, indicating the existence of a broad 
excited level of He* at 22 mev. In the present 
work an attempt was made to verify the existence 
of this level by investigating the neutron spec- 
trum from the reaction T(d,n)He*. Because of the 
existence of the level, the energy of the reaction 
may have, as well as the well-known value Q, 
= 17.6 mev, a second value OF = —4.4 mev, corre- 
sponding to formation of He* in the excited state. 
Although this state of He* is unstable with respect 
to decay into He® +n or 7+ p, amore or less com- 
pact group should be observed in the neutron spec- 
trum corresponding to the second value of Q. The 
present work is devoted to the search for this 
group. 

This work was carried out in a cyclotron, the 
beam of which was extracted from the chamber and 
focussed by a magnetic prism at a distance of 12 
m from the cyclotron. 

The spectra were investigated by means of a 
time-of-flight apparatus. The natural modulations 
of the cyclotron were used. The acceleration of 
ions in the cyclotron occurs in a narrow interval 
of the phase of the accelerating voltage; there- 
fore the ions fall on the target in short pulses. 
According to our observations, the length of a 
pulse on the target does not exceed 5 mp sec (5 
x 1072 sec). The frequency of the accelerating 
voltage is 8.9 mc; consequently, the period of 
pulse repetition of particles is 112 mp sec. Neu- 
trons were registered by a fast scintillation 
counter consisting of a specimen of solid solution of 
terphenyl in polystyrene and a photomultiplier. 
Pulses from the photomultiplier were shaped by a 
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Fic. 1 Distribution with time of counter pulses in the 
bombardment of a tritium-zirconium target by protons. A 
corresponds to E, = 7.1 mev, B to Le = 4.9 mev. 


shorted cable 30 cm long (after which they had a 
duraion of ~ 3 mp sec) and were fed to a germanium 
diode coincidence circuit. The second channel of 
the coincidence system received pulses of the same 
duration, synchronized with the accelerating vol- 
tage of the cyclotron. In this fashion the coinci- 
dence circuit registered the pulses of the counter, 
arising at some definite phase of the accelerating 
voltage. The value of this phase was changed by 
changing the length of cable in one of the lines of 
the coincidence system, as a result of which y- 
rays or neutrons, having various times-of-flight from 
target to counter, were registered. The instant 
that the charged paticles impinge on the target, 
tha is, the instant of neutron production, was de- 
fined by the position of the peak of y-rays, pro- 
duced in the target as a result of various nuclear 
reactions; therefore there was no necessity for a 
special phasing of the system. 

In all measurements the neutron counter was 
placed in the direction of the beam of charged par- 
ticles, that is, at an angle of 0°. 

Figure 1 shows the distribution in time of the 
counters pulses, registering radiation from a tritiunr 
zirconium target, bombarded by protons of energy 
7.1 mev (curve A) and 4.9 mev (curve B). The 
curves were taken with the counter 2.9 m from the 
target. The first peak at ¢ = 10 mp sec came from 
y-rays, accompanying the reaction in zirconium. 
They were observed both from the target (tritium 
+ zirconium) and from the unmounted backing-con- 
tainer (zirconium only). The second peak was 
brought about by neutrons from the reaction T(p,n) 
He?. Upon decreasing the proton energy from 7.1 
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Fic. 2. Spectrum of neutrons in the bombardment of 
tritium by deuterons of energy: 1, 14.4 mev; 2, 12.4 mev. 
The y-ray peak is displayed. 


to 4.9 mev the energy of neutrons decreased from 
6.3 to 4.1 mev and their time-of-flight increased; 
therefore, the peak was displaced to the right to 

a larger value of t. The width of the ypeak is de- 
fined by the resolution of the system and is made 
up of the widths of pulses of the counter, of the 
master pulse and of the interval of working phase 
of the accelerating voltage of the cyclotron. The 
width of the neutron peak is somewhat larger; in 
the target 7 mev protons lose 0.5 mev and, conse- 
quently, the neutrons have approximately the same 
spread in energy. 

The spectrum of neutrons from the bombardment 
of tritium by 14.4 mev deuterons is shown on Fig. 
2. It is obtained at a distance of the counter from 
the target of 3 m, employing the same tritium-zir- 
conium target. On the same figure is displayed the 
y-peak, the magnitude of which is the same with 
the target and for the empty container is the same. 
The peak at t = 40 mp sec is formed by neutrons 
of energy ~ 30 mev, corresponding to Q, = 17.6 
mev in the reaction T(d,n) He‘, that is, to the for- 
mation of He4 in the ground state. The wide peak 
with maximum at t = 75 mp sec is formed by neu- 
trons of mean energy ~ 8 mev. This neutron 
energy corresponds to the energy of the reaction 
T(d,n)He’, Q, =—5mev. Reduction of the deuteron 
energy (by means of a platinum foil) to 12.4 mev 
leads to a displacement of the neutron group (see 
Fig. 2), agreeing with the value Q, = —5mev. 

The curves (Figs 2 and 3) ae corrected for the 
dependence of the efficiency of the detector on the 
neutron energy. It is assumed that this dependence 
has the form « ~ o(1 — B/E), where o is the cross 
section of n-p scattering, F the energy of neutrons 
and B the threshold of the detector, which is de- 
fined by comparison of the observed intensities in 
the reaction T(p,n)He® of the neutron groups for 
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Fic. 3. Spectrum of neutrons in the bombardment of 
deuterium by deuterons of energy 13.0 mey. The y-ray 
peak is displayed. 


two values of the energies of protons with intensi- 
ties known from excitation curves’. In the region 
of energy studied, the efficiency was several per 
cent with thicknesses of the phosphor of 16 mm. 

These results might be considered as a confir- 
mation of the existence of a broad excited level 
of He* at ~ 22 mev. It should be noted, however, 
that the production of neutrons in the bombardment 
of tritium by deuterons is possible also in the re- 
actions T(d, pn)T and T(d, 2n)He°. There is not 
enough basis to deny the possibility of production 
of the observed neutron groups in one of these re- 
actions. To resolve this question, further experi- 
ments and calculations are necessary. 

One such experiment has been carried out. It 
consisted in the investigation of the spectrum of 
neutrons produced in bombarding deuterium by deu- 
terons of energy 13.0 mev. A gas target was used, 
in which the pressure of the deuterium was 3 atm, 
and the thickness (length along the deuteron beam) 
was 4cm. The same target without gas was used 
as an ‘empty target’. The results of the experiment 
are shown on Fig. 3. The distance from the target 
to the counter was 4.5 m. The peak at ¢ = 80 mp 
sec was formed by 16 mev neutrons, corresponding 
to Q =3.3 mev in the reaction D(d,n) He?. Besides 
this group, a second wide group of slower neutrons 
is visible. The maximum of intensity of this group 
corresponds to ¢= 115 mp sec and, consequently, 
to an energy of 8.0 mev. These neutrons could be 
produced in the reaction Md,pn)D, or by disinte- 
gration of both deuterons, or, finally, in the reac- 
tion D(d,n) He? with formation of He? in an excited 
state. In the last case Q, =—3.5 mev, which cor- 
responds to an energy of ~ 7 mev of excited He?. 

The similarity of the spectra in thetwo reactions 
supports the fact that the second group of neutrons 
is produced rather by the breakup of the deuteron 
than by the ordinary reaction with formation of a 
final nucleus (He* or He®) in an excited state. 

Whatever the mechanism is, its large probability 
should be noted. Comparing the intensities of the 
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neutron groups and taking into account the behavior 
of the detector efficiency with energy, it is possible 
to say that the cross section of production of a 
neutron of the second group at 0°, relative to 
the deuteron beam in the case T + d(E _, = 14.4 mev) 
is approximately 300 millibarn/sterad, 4nd, in the 
case D + d(E , = 13.0 mev), 100 millibarn/sterad. 
The authors express their gratitude to colleagues 
in the Cyclotron Laboratory, headed by L. M. Ne- 
menov, for providing the possibility of carrying out 
this work. 


_* The results of this work were communicated in the 
discussion at the Geneva conference in August, 1955. 
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Gamma and Photoluminescence Yields in 
Organic Crystals 


Z. A. CHIZHIKOVA AND M. D. GALANIN 
P, N. Lebedev Physical Institute 
Academy of Sciences, USSR 
(Submitted to JETP editor July 19, 1955) 
J. Exper. Theoret. Phys. USSR 30, 187-188 
(January, 1956) 


4 Pe spectrum of luminescence due to gamma ray 
excitation coincides with the spectrum of photo- 
luminescence’. This means that the last step in 
the process of the excitation of gamma lumines- 
cence is the transition from the same excited state’ 
that is involved in photoexcitation. Therefore, the 
energy yield for gamma luminescence can be repre- 
sented as B. = pB4,, where BY is the absolute 
quantum visld of photoluminescence, depending on 
the correlation between the transitions with and 
without radiation; pcan be called the effectiveness 
of the excitation. The magnitude of p shows what 
fraction of the energy absorbed in the substance 
is used for the excitation of the molecules which 
are effective in luminescence. 

The aim of the present paper was to see if 
the magnitude of p is the same or differs appre- 
ciably for a number of substances. For this pur- 
pose the relative yields during gamma and photo- 
excitations were measured. Aromatic carbohy- 
drates in the shape of monocrystals (dimensions 
1.5 x 1.2 x 0.7 em?) were investigated, and for 


comparison purposes the alkali-halide crystals 
Nal and KI, activated by TI. Co®® was used as 
the source of gamma rays. 

During the gamma excitation the amounts of 
energy absorbed in the crystals were determined 
from the relative absorption coefficients of gamma 
rays. As is known, during the passage of gamma 
rays through the substance the electrons are freed, 
and these electrons cause luminescence. The ab- 
sorption of gamma rays with an energy of the order 
of 1 mev in organic substances takes place at the 
expense of the formation of Compton electrons; in 
Nal and KI crystals the probability for the Comp- 
ton effect is 95% and the remaining 5% are due to 
the photoeffect. The probability of the Compton 
effect is proportional to the number of electrons; 
the number of electrons in P grams of the substance 
is (PZ/M)N, where Z is the number of electrons in 
a molecule, M — molecular weight, N — Avogadro’s 
number. 

Relative yields for gamma excitation were mea- 
sured by two methods: a) by the observation of 
the average intensity of luminescence, b) by the 
observation of individual scintillations. For the 
measurement of the average intensity of lumines- 
cence, the crystal was placed in a photometric 
sphere which was covered on the inside with MgO. 
The light of the luminescence, excited in the crys- 
tal by gamma rays, went through an opening in the 
sphere and was incident on the window of the pho- 
tomultiplier FEU-19. The values obtained for the 
photocurrent were divided by (PZ/M)N. A scin- 
tillation counter with an integral discriminator was 
used for the determination of the relative magni- 
tude of the scintillations. For a comparison of 
the magnitude of the impulses it is necessary to 
reduce the distribution curves to such a scale that 
the total number of impulses contributing be the 
same; for this reason the ordinates of each curve were 
divided by (PZ/M)N. For the comparison of the 
relative magnitudes of the impulses the method of 
constant counting rates was used, i.e., the magni- 
tudes of the displacements were compared, when 
the counting rate was the same for different crys- 
tals. 

Measurements of the relative yields of photolu- 
minescence were made during excitation by the 
254 mp line. This line was separated from the 
light emitted by the PRK-2 lamp by means of a 
monochromatic quartz and was focussed on the sur- 
face of the crystal which was placed in the photo- 
metric sphere. The sphere had two windows: one 
for the entrance of the excitation light, and one 
for the photomultiplier. The absorption of 254 mu 
line in organic crystals is known to be complete, 
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the fraction of reflected light, according to the mea 


surements by Morgenshtern made on the same 
samples’, is 10-16%. Alkali-halide crystals were 


excited with the 291 my line in the first absorption 
band of Tl. 

As aresult of the measurement for gamma ex- 
citation as well as for photoexcitation, magnitudes 
proportional to {Fy f, dA were obtained, where Ey 
is the energy distribution in the luminescence 
spectrum, and f) is the spectral sensitivity of the 
photomultiplier. In order to convert to magnitudes, 
proportional to the real yields, i.e., [Ey dA, we 
measured fy and £) for all substances. From these 
data the magnitudes of {[E dA were determined in 
relative units. Previously we measured the abso- 
lute quantum yields of photoluminescence for naph- 
thalene and stilbene’, and in reference 4 the abso- 
lute energy yield for gamma excitation of crystals 
of naphthalene with anthracene. This allowed us 
to give all magnitudes of yields in the absolute 
scale*. 

In the above table X— is the average wave length 
of the luminescence spectrum, K — relative sensi- 
tivity of the photomultiplier for the luminescence 
spectra, which is equal to [Ey f,dA/fE) das 
B4, B,, and p have the meaning given above. The 
magnitudes in columns | are from the measurements 
of the average intensity, those in columns 2 are 
from the scintillation measurements. For organic 
crystals p is the same with the precision + 15%; 
this precision is within the limits of accuracy of 
the experimental measurements. The variation of 
p for the organic alkali-halide crystals cannot be 
explained by the fact that the latter have a greater 
probability for the photoeffect, and thus points out 
the different processes of excitation in these two 
types of crystals. The difference in the magni- 
tudes of the yield in KI - Tl, as determined by the 
average intensity and by the scintillations methods, 
is explained by the phosphorescence of VJ - TI, 
which is not taken into account in the method of 


scintillations. 
We express our gratitude to I. M. Beliaev for 
submitting the crystals. 


* The data obtained should be considered as the 
characteristics of the given samples, and not the sub- 


stances, since it is possible that the samples contained 
small impurities which would influence the yield of lumi- 
nescence, 

** Crystals Nal and KI contained T1 in the concentra- 


tion of the order of 107° gm/gm; this corresponds to a 
regiqn where the intensity of gamma luminescence de- 


pends weakly on the concentration>. : 
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Influence of Intermolecular Forces in Solutions 
on the Intensity of Raman Lines 


Ta.S. ROBOVICH AND T. P. TuLus 
(Submitted to JETP editor December 6, 1954) 
J. Exper. Theoret. Phys. USSR 30, 189-190 
(January, 1956) 


E ARLIER !>2 one of us observed anomalies in the 
thermal behavior of the intensities of the primary 
Raman series lines and explained these on the ba- 
sis of the kypothesis of reciprocal deformation of 
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the potential function of the excited electron states due to 


the collision of the molecules and expressible 
directly by the factor oe in derived polariza- 


bility (v, — frequency of virtual transition, g — 
the normal coordinate). It logically follows from 
such an explanation that, corresponding to these 
observed anomalies, there be spectral differences 


with solutions at constant temperature. Since there 


are only fragmentary and unreliable data of the 
effect of the solvent on the intensity of Raman 
lines in the literature °~®, we made a systematic 
investigation of the pure substances carbon tetra- 
chloride, benzene, hexane, chloroform, ethy] al- 
cohol, acetone and of various 50% solutions of 
them. Spectra were recorded by photoelectric ap- 
paratus.” Integrated intensities of lines were mea 
sured. Fach spectrum was recorded in this manner 
several times (from 3 to 22). Spectral reproduci- 
bility was within 1-6.5%. Account was taken of 


the possible influence of the refraction of the fluid. 


Rased on these researches, the following were de- 
termined: 

1. Due to intermolecular forces, the intensities 
of lines in the spectra investigated clearly showed 
more or less substantial alteration for proportional 
concentrations. Increased intensities in solutions 
were found with only infrequent exceptions. 

2. All lines of the spectra of non polar com- 
pounds ‘in solutions in polar liquids as a rule were 
weakened. This is very clearly shown in the solu- 
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Fic. L Recordings of Raman Spectra 
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a) Solution 50% CCL, in 
ethyl alcohol 


aT. 


tion of CC], and benzene in ethyl alcohol (Fig. 1) 
and acetone, where the decrease (for instance, the 
lines of GG),) amounted to 20-40%. 

3. All lines of spectra of polar compounds in 
solutions on non polar substances are intensified. 
Thus, for example, in the spectrum of a solution 
of alcohol in CCl, the intensity of the lines 1047 
-1095 cm“! increased more than 35% and the in- 
crease in intensity of other lines amounted on the 
average to about 20-25%. 

4. In the case of an increase in intensities of 
lines of one component simultaneously there was, 
without exception, a decrease in intensity of the 
lines of the other component. 

5. In certain non polar solutions and a few polar 
compounds for which additivity of the intensities 
might have been expected, lines of one component 
increased somewhat, but others were weakened 
(e.g. spectra of solutions of CCl, and chloroform 
in hexane). We are inclined to explain this on in- 
tricate spatial relations: The larger chlorine atoms 
of the molecules of CCl, and chloroform in a col- 
lision with hexane disturbs the reciprocal bonding 
interaction in such a close approach; which could 
easily occur to the hexane molecule in this mu- 
tual collision. 

6. Elastic vibrations, as arule, were more 
greatly modified by these intermolecular influences 
than valence vibrations. This rule is well illus- 
trated by the data presented in Table I. The re- 
cordings of the spectra of solutions of acetone 
and ethyl alcohol in CCl, are exceptions where 
this difference between he elastic and valence 
vibrations does not appear. However, this result 
occured in only this one instance. 

Thus, in the behavior of intensities of lines in 


Oh 


Jig —— 


459 — — 


b) Solution 50% CCl, in 


Hexane 
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TABLE I 


Variation in intensities of valence lines (v) and elastic 


oscillations (d) of the C-H coupling in certain solutions 
in comparison with pure substances. 


-l1 
frequency cm 


eee " 
Solution type of Solution __pure Substance % 


vibration pure substance 


Hexane + CCl, 2852—2966, v | + 8 


Hexane lines 


(4401 460,d| 4.43 


Hexane + chloroform 2802—2966, V + 6.9 
Hexane lines 
1440—1460, qi +138.3 
Hexane + chloroform OMG). ay ==16,)7 
Chloroform lines 
1216, 4 293.5 
Benzene -—+ chloroform 3047—3065, v — 9 
benzene lines 
Ady Oreec —14,3 
Benzene -—— G@l, 3047—3065, v 0 
benzene lines | “f 
1176, 4} $10.0 
| 
solution and in the temperature variation of the in- 2 Ia. S. Bobovich, Izv. Akad. Nauk SSSR Ser. Fiz. 19, 
tensities of spectra of pure liquids, many common 219 (1955). 
features are developed. In these and in other 3 W. Buchheim, Physik Z. 36, 694 (1935), 
cases, due to the influences of the polarity of 4 W. Hanle and F. Heidenreich, Physik Z. 37, 594 
bonding on the intensity of lines varying in the (1936), 
same direction, differences appear in the behavior 5 F, Cennamoe and E. Vitale, Nuovo Cimento 13, 
between elastic and valence vibrations, showing 465 (1936). 
the influence of spatial conditions. Consequently, 6 M.M. Sushchincki, Dokl: Akad. Nauk, SSSR33, 21 
in the explanation of these variation effects due (1941), 
to mutual distortion of potential functions of ex- 7G Michel, Specttochiancatcrals) 2 (elena). 
cited electron states it is probably possible to 8 1. Fedosow, Soc. Sci. Fennica, Comment. Phys. 
assume an operating hypothesis and to examine Math 14, 4 (1950). 
both phenomena from a unified point of view. Oda se ye es Rey Te Gurevich —-I-Bapee 


Theoret. Phys. USSR 27, 318 (1954). 
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An Attempt to Detect the Raman Effect 
in a Superconductor 


M.S. Kyarxin Anp V. P. BYKov 
Institute for Physical Problems 
Academy of Sciences, USSR 
(Submitted to JETP editor July, 26, 1955) 
J. Exper. Theoret. Phys. USSR 30, 191-192 
(January, 1956) 


HEORETICAL considerations ! indicate that it is 

possible that agap of width A~ 47, appears in the 
electronic energy spectrum of a metal when it goes 
over into the superconducting state (7', = transition 
temperature). Thus, when a light quantum (hv > A) 
interacts with a metallic electron, Raman scattering 
of the light ought to take place, with a change of 
wavelength AA = 2 A/ch; or, since AW kT,, AA 
& (k/ch) are 2 0.7 AaTy cm. For the D line of 
sodium this quantity amounts to ~ 2A for scattering 
from lead (7, =7.2°K). The intensity of the light 
scattered in this way should, apparently, be very 
smal]. ?°3 +455 

The first attempt to observe the Raman effect in 
a superconductor was made by Verkin and Lazarev$ 
but since their observations were carried out in 
reflected, rather than scattered light, they could 
observe only an extremely intense satellite . In 
the present work we undertook an investigation of 
the spectrum of scattered light, insuring the possi- 
bility of detecting extremely weak satellites. 

When light of constant frequency is scattered by 
the inhomogeneities of a reflecting surface, a back- 
eround is produced in the region of a satellite (be- 
cause of the non-ideal monochromaticity of the light 
source) which limits the possibility of observing 
Raman scattering. A calculation shows that for 
our light source (see below) the radiation intensity 
in the region of the Raman satellite amounts to less 
than 107° - 1074 of that at the center of the line. 
Since the surface of the sample scatters only a 
small fraction (~ 107°)’ of the light which would 
be scattered by a mat white surfae, the background 
in the region of the Raman satellite amounts to 10>" 
-10"° of the intensity at the center of the line of 
the incident light. This consideration sets a theo- 
retical lower limit to the intensity of the Raman- 
scattered light which we could detect. 

We used an autocollimated spectrograph with an 
echelette-type diffraction grating, having the following 
characteristics: a resolving power of 10° in the region 
of the D doublet, linear dispersion of 4A/mm in the 
same range,a luminosity of 0.0015, and a focal 


length of 2m. The grating was cut-on alpminized 
glass and had 51,000 lines (600/mm). Approxi- 
mately 50% of the light incident on the grating was 
concentrated into the first and second orders. The 
presence of weak ghosts, 4.5 A distant from the 
line, could not interfere with our observations. 

It was necessary to look in the spectrum for the 
hypothesized satellite at a distance of 0.2-0.5 mm 
from the center of the line. In order to prevent the 
formation of a corona, a resonant filter (see F in 
Fig. a) was placed along the path of the scattered 
light, which weakened the light of the original fre- 
qiency by a factor of about 1000. The filter was 
made from pyrex in the form of a tray with plane- 
parallel top and bottom, and contained a small quan- 
tity of sodium and neon at a pressure of 1.7 mm 
(at 20°C). During an experiment the filter was 


heated to 255 +5°C. The pressure of the neon and 
the temperature of the filter were selected so that 
there was no appreciable absorption at a distance 
of 0.5 A from the center of the line. 

The samples were made from lead whose im- 
purity content did not exceed 0.05%. Since the 
most important requirement for a sample was that 
it have a good reflecting surface, we used thin 
(10-° cm) lead films, prepared by Shal’nikov’s 
method®: the metal was evaporated in a vacuum 
onto a glass backing cooled to helium tempera- 
tures. The backing we employed was the smooth 
concave surface of a piece of glassware (Fig. b). 
Since at the temperature of liquid helium boiling 
under normal pressure (4.2 °K) lead has already 
gone over into the superconducting state, the ex- 
periments were also carried out at this temperature. 

Two spectral sodium lamps were used as light 
sources. With the aid of the condensing lenses 
K, K’4, L, L “(see figure), light from these lamps 
was directed onto the superconducting film //, ap- 
plied on the inner surface of the small flask. A 
magnified image B (Fig. b) of the blackened inner 
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surface of the deposited lead was formed in the con- 
cave lead mirror, so that the scattered light was 
observed as though it had an ‘absolutely black’’ 
body for its background. With the aid of the lens 

D and the pivoted mirror /, the image of the sample 
was projected on the slit of the spectrograph C, so 
that the scattered light passed through the resonant 
filter F, located in the furnace P. In order to pre- 
vent fogging of the flask from the freezing-out of 

air when the apparatus was cooled with liquid he- 
lium, the interior of the tube 7 was evacuated to 

a pressure of ~ 10°? mm Fg, and the remaining gas 
adsorbed by cold activated charcoal u. The spec- 
trum of the light scattered by the sample was ob- 
served visually and also registered photographi- 
cally on RF-3 X-ray film, which had been shown 

to be the most sensitive for the D-line. 

Three experiments were carried out with expo- 
sures of 4, 11, and 12 hours. In visual examina- 
tion of the scattered light, or in these photographs, 
no satellites were observed in the region of the D- 
doublet. Comparison of the exposures used in this 
experiment with those required in order to obtain 
noticeable blackening from light of intensity / 
scattered by a mat white surface shows that a 
satellite of intensity ~ 107? I, could have been de- 
tected. 

The authors express their profound gratitude to 
Professor A, I. Shal’nikov for his interest in this 
research. 


"\V. L.Ginsburg, Usp. Fiz. Nauk 48, 25 (1952). 

2 E. Hirschlaff, Proc. Camb. Phil. Soc. 33, 140 (1937). 

3 J. G. Daunt, T. C. Keely and K. Mendelssohn, Phil. 
Mag. 23, 264 (1937), 

4 R. Hilsch, Phys. Z. 40, 592 (1939). 

> K. G, Ramanathan, Proc. Phys. Soc. (London) A65, 
532 (1952). 


© B. I. Verkin and B. G. Lazarev, Izv. Akad. Nauk 
SSSR Ser. Fiz. 12, 598 (1948). 


7 C. V. Raman and L. A. Ramdas, Proc. Roy. Soc. 
(London) A108, 561 (1925). 


8 A. I. Shal’nikov, J. Exper. Theoret. Phys. USSR 10, 
636 (1940). 


Translated by W. M. Whitney 
26 


Glow of Aluminum Alloys in an 
Electrolytic Bath 
V. A. KR ASNOKUTSKII 
Khabarovsk 
(Submitted to JETP editor July 24, 1955) 


J. Exper. Theoret. Phys. USSR 30, 192-193 
(January, 1956) 


T is well known that aluminum and its alloys 
have protective oxide coatings on ther surface, 
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which prevent the penetration of oxygen into the 
interior of the metal. Much research !~4 has been 
devoted to studies of the structure and proper- 
ties of such oxide layers, in which the physical- 
chemical properties of the anticorrosive layers on 
aluminum have been studied rather thoroughly. 

This paper presents a series of qualitative ob- 
servations which reveal yet another feature, asso- 
ciated with the production of oxide films and their 
structure, namely the ability of aluminum and its 
alloys to glow under the action of an electric cur- 
rent in solutions of certain salts and bases. 

The experimental arrangement for observation of 
the phenomenon of the glowing of electrodes in 
solutions of electrolytes during the passage of an 
electric current consisted of a bath containing the 
electrolyte and the electrodes. Alternating current 
was supplied from the line at 220v and direct cur- 
rent was supplied by a vacuum tube rectifier. Sam- 
ples in the form of plates 50 mm x 30 mm x 1 mm 
and 60 mm x 70 mm x 1 mm were used as electrodes. 
The following materials were tested: copper, bronze, 
brass, lead, zinc, iron, silver, aluminum and its 
alloys AM, AMZ, D-1, D-16, “‘electron’’, “‘silumin”’ 
and others. 

The following materials were used as elec- 
trolytes: 1-10% solutions of the salts: NaCl, NaBr, 

KCl, NaHCO,, Na,CO,, NH,CL, MeSO,, (NF,),SO, 
Na,SO,, K,SO,, KAI (SO,),, Na,HPO,, Na,PO,, 
CaHPO, and alee 0.1-5% solutions of the bases 
NaOH, KQH and others. 

During the observations, the potential drop be- 
tween the terminals of the bath was read to an ac- 
curacy of lv, while readings of the bath tempera 
ture were correct to 1° 

When the current flows through the bath in the 
dark, a uniform glow of the whole surface of the 
electrode can be observed by the unaided eye 

which in a way reminds one of the glow of lumines- 
cent material. In a5% solution of NaHCO, the on- 
set of the glow occurs at a voltage between 20 and 25y 
and with increasing voltage, its intensity corres- ‘ 
pondingly increases. 

By trying a number of different metals and alloys 
it was noticed that the glow occurs only on alumi- 
num and its alloys. It was characteristic of these, 
that the color of the radiation of each aluminum 
alloy remains unchanged independent of the com- 


position of the electrolyte, provided that, in the 


given electrolyte, the glowing does occur. Thus, 


for example, pure Al has a pale blue, nearly white 
radiation; the alloy AMZ has arather intense 
orange coloredradiation. It is difficult to distin- 
guish visually the characteristics of the glow of 
the alloy D-1 from the glow of the alloy D-16, 
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since both of them have nearly the same greenish 

blue radiation, but in contrast to other alloys, D-1 
as well as D-16 exhibits an increase in intensity 

at the edge of the plates (a colored border), 

The physical meaning of this phenomenon is not 
completely clear as yet. In every case it was evi- 
dent that the glowing occurs only with the produc- 
tion of an oxide film and furthermore only with 
films of a specific structure, for oxide films on 
aluminum and its alloys, as is known, have a struc- 
ture different from the films covering other metals 
like copper, lead, zinc, etc. 

This hypothesis is confirmed by the fact that on 
first switching on the current the glowing does not 
begin instantaneously, but only after a certain time 
interval (0.25 to 0.5 sec); then the intensity of the 
glowing rises to a definite maximum which requires 
another time interval (2-4 sec). From this obser- 
vation the glowing seems to accompany a process 
of formation of an oxide coating of a certain struc- 
ture. At the conclusion of the formation of the oxide 
layer the brightness of the glowing remains constant 
and with subse quent switching of the current the 
erowth described above is not observed. With the 
removal of the oxide film by boiling the electrode 
in alkali, the time for growth of the intensity of 
the glowing increases (4-5 sec), this being the time 
required for the appearance and growth of the oxide 
layer. When direct current is passed through a bath 
having two electrodes made from one and the same 
alloy it is observed that the glowing occurs only at 
the anode, i.e., only with motion of the current in 
the direction: metal, film, solution, and not in the 
reverse direction. This confirms again the connec- 
tion between the glowing and the production of an 
oxide coating, which has control over this same 
valve action. 

By trying a number of electrolytes, it was deter- 
mined that the brightest glowing occurs in solu- 
tions of NaHCO,, Na,HPO,, NaH,PO,, Na,PO,, 
NaOH, KOH. Somewhat weaker glowing occurs in 
solutions of Na,CO,, (NE ,) oCO,- Still weaker . 
glowing occurs in (NH,),SO,, MgSO,- The glowing 
does not occur in acids. The glowing is also ab- 
sent in solutions of NaCl, KCI, NaBr and KBr. 
Furthermore, the addition of one of these salts to 
a solution in which glowing occurs brings about 
an attenuation and cessation of the glowing, a 
sharp increase of the voltage in the circuit and a 
growth of the temperature of the solution toward 
the boiling point. At the same time, one observes 
the onset of instantaneous spark discharges and 
afterwards unstable electric arcs between the elec- 
trodes and the solutions®. 


Theconcentration of the solutions required for 
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convenient observation varies in its dependence 
on the degree of dissociation of a given substance. 
Thus, for NaHCO, Nal ,PO,,, 1-2% was sufficient, 
while for NaOH, KOH a smaller concentration was 
needed. As the concentration was increased, the 
intensity of the glowing increased correspondingly, 
up to adefinite limit. With an applied voltage of 
220v, upon increasing the concentration of the 
solution (e.g. NaHCO.) with the addition of undis- 
solved soda, one can observe a very beautiful 
phenomenon of instantaneously flashing and extin- 
guishing tiny spark discharges, superficially re- 
sembling scintillation. This phenomenon starts up 
with the introduction of some more soda, but with 
the passage of time it grows weaker and stops un- 
til more soda is added. During the course of 
these experiments the temperature of the solution 
experienced an insignificant rise and only with 
highCon centrations and greater current densities 
did the solution go as far as the boiling point. For 
moderate concentrations of the solution (e.g., 1-2% 
NaHCO,), heating of the electrolyte was almost 
unobservable (cold glowing) and the temperature of 
the bath remained constant with the passage of time 
Further studies of this phenomenon will esta- 
blish its physical meaning and will determine its 
practical applications; in particular, the ability of 
each alloy of aluminum to glow with a very spe- 
cific color may make it possible to bring about 
the use of the phenomenon for the purpose of 
spectral-electrolytic analysis. 


1N. D. Tomashov, Theory of the Corre sion of Metals, 
Metallurgizdat, 1952. 


2. N. D. Tomashov and A. V. Bialobzheskii, Research 
on the Corrosion of Metals, Tr. In-ta Fiz. Khim. Akad. 


Nauk SSSR _ 1, 1951, p. 136. 
3 N. D. Tomashov and M. N. Tiukina, Joc. cit. do hilo), 


4G. V. Akimov, Theory and methods of observation 
of the corrosion of metals, Acad. Sci. USSR, 1945. 


5 I, Z, lasnogorodskii, Heating of metals and alloys 
in electrolytes, Mashgiz (1952). 
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The Effect of Absorption of Luminescence on 
Its Intensity in the Powdered Luminophors 


A. P. IVANOV 
(Submitted to JETP editor June 8, 1954) 
J. Exper. Theoret. Phys. USSR 30, 196-197 
(January, 1956) 


N reference 1 the dependence was established 
of the intensity of luminescence of the powdered 
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luminophors on the size of the grains, the relative 
index of refraction, the index of absorption for the 
exciting radiation, and the thickness of the layer. 
The absorption of the light of luminescence was 

not considered. In the present report we considered 
the influence of the latter factor. 

Consider a horizontal infinite slab of thickness 
For the excitation of luminescence, let this 
slabbe uniformly illuminated from above by diffuse 
monochromatic flux. Because of the heterogeneous 

nature of the slab, the light is scattered in all 
directions. Therefore, if we consider a horizontal 
plane inside the slab, this plane will be illuminated 
from above and below. Let us call £, the illumi- 
nation from above, and /, the illumination from be- 
low. Gershun? showed that these illuminations 

are respectively equal to: 


x 
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HereL =V k2+ 2ks, and R=1-+ k/s— V (k/s)? + 2k/s 
is the coefficient of reflection of an infinitely 
thick layer, s and & are the constants of scattering 
and absorption, respectively, calculated for unit 
thickness. 

At the expense of the absorption of the scattered 
light, the object under consideration will lumi- - 
nesce. The spectral density of the light flux ra- 
diated above and below by the infinitely thin layer 
dx from the unit surface will be: d/J =1/.CRB(E, 

-- F,)dx. Adjacent to this layer on one side is a 
layer of thickness x, and on the other side — a 
layer of thickness x, — x- On these layers the 
light of luminescence suffers multiple reflections. 
When we sum all elementary fluxes from the infi- 
nitely thin layer and then integrate the resulting 
expressions over the entire thickness, we find for 
the intensity of the luminescence from the side op- 
posite to the side of excitation: 


—L Xx Toast 
h = ChB : Sa pe! \(e wk 1) ee E ihe 9 Seah 
a (4 Ries p*e ) (Rieko == Remi R Ly —L (2) 
fl (LZ, +L)¥o (L]+L).%0 = (ee 
ape [= ety ot [ee ie fied) pee ewan 
Wy FL L +L l ie j 


and from the side of excitation*: 


—— eS eee 
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oO WEG EPR ee © = Rear) L,+L 
—(L, 4D) —2L x 
a 0 yh pte ~(L)—L)xe 
Sqn) eae : 
Ly Ly —L 
(2) ha ere 
ws . ( pb to : aL Xo 
l Li +e 
Hee L, and R; are given in terms of the constant 
of scattering s, and the constant of absorption k Tz = CB ( 
. cs . i ! a 
of the light of feinineeeea ce As was shown in : feats ay Rs f). 4) 


reference 1, s and & in many cases canbe given in 
terms of the effective size of the grain d, the index 
of absorption kp the coefficient of reflection from 
the surface of the grain r, and the coefficient of 
packing c: 

In case the layer is infinitely thick (x9 = 2) 


If the light of luminescence is not absorbed by 
the particles of the luminophors, then L,=9, R, 
=] and py = li = CB (I — Rk), T.Ges 


I= "elo (Q +R) LIL + L,). (5) 
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The expression obtained can be used for the con- 
version of the measured spectrum into the true ra- 
diation spectrum. 

Let us consider some special cases of Eqs. (2) 
and (3). 

1. The exciting radiation is weakly scattered 
and is attenuated according to the exponential law. 
X-rays approximately satisfy this condition. In this 
case L = R; R ~0 and formulae (2) and (3) are trans- 
formed respectively into 


' —hvy ise x 
hs | CAB ale v on Lys (6) 
es ov x 
=_ l—Rie ali Lok 
SABE tit 9” Ee 
oy a Soi 
i Li+k é 
(L 7-*-h).Xo 
ine L+R) paeseae 
y= ay ¢ k ree Ree 2F to {, +R (7) 
"a I 
ig gant pth) *o eet ¥o 
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2, The exciting radiation is weakly scattered 
and penetrates to a small depth (for instance, = 
particles). Therefore, L =k >> L;; R ~ 0 and we 


obtain: 


ia ier (8) 
hay oc 
- 1—- Rye a 
Eh ae 
pee ee rere 1), 
ee 1 Reh 
When x. =.0 

I, == "/gCB(1+R,), (9) 


i.e., with the increase of the size of the grain (d), 
the coefficient of reflection R, decreases and, 
consequently, /, decreases. 

3. The exciting radiation is weakly scattered 
and weakly absorbed (gamma rays). In this case 
the layer is found to be uniformly exc ited for suf- 
ficiently great thicknesses, and, therefore, 
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For an infinitely thick layer, J], = 0 and /, = 1/,CeB 
Kabhi WR» i.e., with the increase of d, the 
coefficient of reflection decreases and I, -in- 
creases. 

In such a way the different nature of the attenua- 
tion of the excitation flux leads to thé result that 
an increase of the crushing of the powder of the 
luminophor increases the brightness of the lumines- 
cence in one case and decreases it in the second. 
Therefore we can imagine a case in which the 
brightness of the luminescence depends weakly 
on the degree of dispersion. 


* The formulas obtained are indeterminate if the light 
of the luminescence is not absorbed. In this case it is 
necessary during the calculation to use the formulas 


t(x) =1/(1 + s,%) and > (x) = s,x/(1 + $)*) (see 
r@e@ence 3), As aresult, expressions are obtained 


which coincide with the formulas for the intensity of 
luminescence, given in reference l 


: A. P. Ivanov, J. Exper. Theoret. Phys. USSR 26, 
275, (1954). 


2 A. A. Gershun, Trudy GOI 11, 99, 43 (1936). 
3° M. M. Gurevich, Trudy GOI 6, 57, 1, (1931) 
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Concerning Some Thermodynamic Inequalities 


V. P. SILIN 
P.N. Lebedev Physical Institute, 
Academy of Sciences, USSR 
(Submitted to JETP editor July 24, 1954) 
J. Exper. Theoret. Phys, USSR 30, 197-199 
(January, 1956) 


1 IN the thermodynamic investigation of the 

* properties of materials which possess magnetic 
and dielectric properties that obey the general law 
set forth, for example, in reference 1, it is possible 
to obtain thermodynamic inequalities which are the 
necessary conditions for thermodynamic equilib- 
rium . The present communication is devoted to a 
brief derivation of such inequalities, and to the ob- 
taining, with the help of the latter, of certain con- 
clusions as to the form of the equilibrium curve of 
the magnetization of a magnet. 

Assuming that each element of the volume of a 
body is in a state of thermodynamic equilibrium, we 
can represent the first law of thermodynamics, for 
thedia of interest to us, in the following form 


Ae = TAs + (HAB + BAD)/4x. (1.1) 
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Following Landau and Lifshitz!, it is easy to cal- 
culate the minimum work done on a body, located 
in some medium, by external, thermally isolated 
bodies. In such a case, the energy of the closed 
system (body + surroundings), when the body is 
not in equilibrium with the medium, differs from 
its own maximum value by an amount 

R 


1 
ee es Ue ee kN 
Sp Te - | Z 


(al 22) 


1 
xa (HAB + EAD)| 


where AEF, etc., represent the differences between 
the equilibrium values of the appropriate quanti- 
ties and their values in the state of total equilib- 
rium .* It follows from Eq. (1.2) that for the ele- 
ment of volume of a body found in thermodynamic 
equilibrium with the remaining parts of the body 
(which can be considered as the medium) the fol- 
lowing condition must hold 


eS) 
Ae — TAs — (HAB + BAD)/4x > 0. 

For simplicity, we assume below that AD =0, 
and limit ourselves to taking only the magnetic 
field into account. It is evident that for an elec- 
tric field, entirely analogous results will follow. 
Expanding Ae in a power series in As and AB, we 
get from Eq. (1.3): 


Oe 0°e 
as: (As) + Di 9B,08, 43:48; >0- 
oy 
The condition of the positive nature of the principal 
minors of the qualratic form (1.4) gives the corre- 
spondingthermodynamic inequality. In this case, 
in particular, we get 


(0H,/0B;) > > 0. 


We have neglected any change in the number 
of particles per unit volume. Account of such 
changes leads to the result that in differentiation 
in (1.5) must be carried out at constant chemical 
potential*. 


(1.4) 


(1.5) 


The inequality (1.5) is the analogue of the ther- 
modynamic inequality (0p/0V);<0 and corresponds 
to the fact that, at constant temperature, an in- 
crease in the magnetic induction is always accom- 
panied by an increase in the magnetic field. Thus, 
in the state of thermodynamic equilibrium, the 
magnetization curve of a magnet has neither maxima 
nor minima. For alinear medium (B = uH)it follows 
from Eq. (1.5) that » must be greater than zero. 

We note that for thermodynamic stability of the 
equilibrium state, it is also necessary that the 
coefficients of the expansion of Aein powers of As and 
AB; should be bounded, since in the opposite 
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case , small changes in the parameters would lead 
to arbitrarilly large changes in the state. Then, 
from the condition of the finiteness of (OH ,/OB;) 7. 
and from the condition (1.5), it follows that as 
H+ 0, the magnetic induction tends toward the 
value B(H=0), as the first power of H. 

Finally, we note that it follows from the condi- 
tion (1.5) that for an isotropic magnet, the mag- 
netic field, equal in this case to H=(47B/B) (0e/0B),, 
and the induction must be parallel*. Actually, 
in this case the inequality (1.5) takes the following 
form 


gilts oH, _ 0 ee ia (1.6) 
4n OB, 0B,\ B OB. 

Oe Be 4 Ce BY Cer 
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and for B, = 0 gives the result indicated. 


2. We now consider the somewhat more compli- 
cated case of a system for whose phenomenological 
description it is generally not possible to intr o- 
duce B or H. An example of such a system is a 
superconductor, considered from the point of view 
of the phenomenological theory of superconductiv- 
ity developed by Ginzburg and Landau”. 

Let such a system be found in a constant and 
everywhere homogeneous magnetic field H,. In 
other words, , represents the magnetic field 
which existed before the introduction of the body. 
The first law of th2rmodynamics for processes 
which are carried out in an electromagnetic field 
has the form® 

eit Qj 
AE = AQ—A07=\ (BH) af 


Let the surface of integration extend to infinity; 
more accurately, we take the magnetic field on it 
to be equal to Hy. Then we have 


— At f(E x H,) df =— Ata, V x EdV 
= 1/c fH, AH dV 


and consequently, Eq. (2.1) can be written in the 
following form (AQ = TAS) 


1 
AE= TAS + 7 \ dVAH-H,, (232) 


From this it follows that at constant temperature, 
and constant, everywhere homogeneous, magnetic 
field, the function has an extremum in the state 
of thermodynamic equilibrium. 


1 
®(T, H)) =E— TS—72\HgMav (2.3) 
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Actually, A® = 0 under these conditions, in agree- 


ment with Eq. (22). The relations (2.2) and (2 3) 


were used by the author in the investigation of 


the destruction of the superconducting state in a 
magnetic field. 

We can raise the question as to the determination 
of the minimum work done by an external source on 
a body placed in a medium where the magnetic 
field is constant and homogeneous. It is not dif- 
ficult to find that 


(2.4) 


Similar considerations permit us to obtain the 
following generalized form of (1.5): 


(0H\/0H'), > 0. 


ras 1 
Rin = A(E— T)S)— i \ H,AHaV , 


(2.5) 


Here H'=V1\H'aV  (V is the volume enclosed 
by the surface on which the magnetic field is taken 
to be equal to H,). Conclusions can also be drawn 
from (2.5) as to the dependence of #7 on H), as 
was done above for the dependence of 8 on H. 


* Equation (1.2) permits us to determine the probabil- 


ity of thermodynamic fluctuations in the following 
manner: 


: (eocsditon : 
@ ~eXP sep | ATAS— 7 av (AHAB + AEAD)|} . 


11. D. Landau and FE. M. Lifshitz, Statistical Physics, 
GITTL, 1951. 


<0 Ginzburg and L. D. Landau, J. Exper. Theoret. 
Phys. USSR 20, 1064 (1950). 


a oe Tamm, Fundamentals of Electrical Theory, 
Gostekhizdat, 1946. 


4 V. P. Silin, J. Exper. Theoret. Phys. USSR 21, 
1330 (1951). 
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On the First Appearance of Atomic Flectrons 
Witk 1, n, Np and n +1 Siven 
V. M. KLECHKOVSKIL 
Moscow 
(Submitted to JETP editor August 3, 1954) 
J. Exper. Theoret. Phys. USSR 30, 199-201 
(January, 1956) 
ARLIER it was shown 1 that the expression 
for Zp the atomic number of an element [an 
expression obtained on the basis of the rule of 
systematic filling (Aufbau principle) of the (n — l) 
eroups”], in the electronic shell of neutral unex- 
cited atoms of which the first electron appears 
with a given value for the orbital quantum number 
1, can be reduced to the form: 
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Z,= Wel + 1)? Y, G— 2). (1) 

The second member of the right side of this 
equation represents a relatively small value and 
the dependence of Z, on / is determined princi- 
pally by the first member, which is proportional 
to (21 + 1)%; this agrees well with the conclusions 
of statisticd theory.* One can also reduce to a 
similar form a series of other equations’ obtained 
on the basis of that same rule, equations for the 
first appearance of atomic electrons with a given 
value for the principal quantum number, for the 
radial qumtum number and with a given value for 
the sum of the principal and orbital quantum num- 
bers. 

For the simplification of further exposition we 
shall introduce the following notation. Let 
K(y) =“oy? + 8; 3 = ex ee” 

+1/3y, if y is even. 


From the condition J < n — 1] and from the inte- 
eral value of / it follows that the maximum value 
of the orbital quantum number (/_ , ,) in the presence 
of the given value of n + 1 is equal to 0.5 (n + 1 
— 1) if n +1 is odd and equal to 0.5 (n +1 — 2) if 
n+lis even. Therefore, the number of different 
quantum positions in the limits of one (n + /) 
group is equal to:° 


(3) 


max 


SAM +1) = 20, 4. + D? 
1=0 


a 


O.5(n +14+4)2..if p44 is0¢¢d 


~ 0.5 (n+ D2, ifn +l is even 


From this it follows that the number of different 
quantum positions in the limits of an aggregae, 
including the (n + J) groups with all the values of 
n+l less than a certain odd mmber y = 2¢ + 1 
(q = 0,1,2,3,..) is equal to 

0.5 (y — 1) 


> (2q) = Wie ay? ae 45 ¥. 


q=—0 


(4) 


For the aggregate itself, including the (n + J) 
eroups with the values of n + / less than a cer- 
tain even number y = 2q + 2, we have, consequently, 


0.5 (y — 2) 5) 
x 0 (2q)? + 1/2y? =l/fy> + 1/8y. 


By such means, taking into consideration the 
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determination of the operator K in accordance with 
Eq. (2), we can say that the total number of dif- 
ferent quantum positions for which n +/ <y is 
equal to K(y). 

In conformity with the rule of systematic filling 
(Aufbau principle) of the (n +l) groups, the elec- 
tron adjoining the singly ionized atom occupies 
in the ground state the level with the minimum pos- 
sible value of n + 1° without violating the Pauli 
exclusion principle. Therefore, the transition to 
the filling of the levels with a new value of n + / 
proceeds (with the increase of Z) after all levels 
with smaller values of n + / are charged. From 
this it is possible to conclude that the value of 
Zn +1 equal to 

Za. = K+) +1. (6) 
must correspond to the first appearance of the 
electron with given n +l. 

In conformity with that same general rule, the 
filling of n of the /-subgroups in the limits of 
each (n + 1) group proceeds from the subgroups 
with large /’s to the subgroups with smaller /’s. 2 
Therefore the first appearance of the electron with 
given / must have a place in the beginning of the 
filling of each (n + l) group with an odd value for 
(n + 1) equal to 21 + J. Consequently, 


Z,=KQl4+ 1) +14. (7) 


This expression is the same as Fiq. (1). 

The filling of the levels with a new value for 
the principal quantum number must begin in accor- 
dance with that same rule, in the midst of the 
filling of levels belonging to the (n + /) group with 
a given value for n +1, the levels of the s-sub- 
group of this (n + /) group remaining unfilled. From 
this it follows that: 

Z) =H (a +1) 1 

The filling of the levels with a given value 
for the radial quantum number must begin likewise 
from the s-subgroup because, with n, given, the 
levels with the least / are always more penetrating 
with regard to energy. Keeping in mind that n =n 
+1+1 and that, consequently, in the case of the 
s-levels n,=n — 1, we can write: 


(8) 


r 


Z,=K(n, + 2) — 1. (9) 
where Z is the atomic number of the element in 
the electronic shell of the neutral unexcited atoms, 
of which the first electron appears with a given 
value of the radial quantum number n.. 

Taking into consideration the fact that the change 
of the value of K(y) with the increase of y is deter- 
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mined chiefly by the term (1/6) y? independent of 


the evenness of y, one can write the expression for 


Z eZ cand Coat l in the form: 


(Zs Vig (ft hed on On (10) 
_{+Vs(a—2), if nis odd 
ie lle (n+ 7), if n is even 

(11) 

2, (ete DE Oe ino. 

—4,(n, + 8), ifn, is odd 
7 | +1); (n,—1), if n, is even 


Zt = Ms (n a ae ar 84) 8 4 (12) 


if n +1 is odd 


if n +1 is even, 


msi an ti 
4h s(n +i43), 


It is not difficult to be convinced that in the de- 
termination of the dependence of Z; on / , Z, Onn, 
etc., the additional term (5) plays a secondary role. 

By such means it has been shown that the ex- 
pressions for Z), Z,, Z, and Z, 7 can be reduced 
to a general binomial form for which it is found 
the principal dependence of Z,, Z,» 2, and Z pie 
on one of the terms which is proportional potee 
tively, to (27 + 1)%, (204 1)8, (n+ 1)*, (a, + 2) 
and (#-+ 4°. 

Earlier it was noted! that Fq. (1) gives the 
values of Z, for /=0, 1 and 2 which correspond 
swith the camera ae a value of Z,, which is 
very close to the experimental value fot Lie As 
concerns the equations (10)-(12) developed above, 
they then give the values of Z which correspond 
exactly with the experimentally obtained values 
without exceptions; Z and Z_ take the values oe 
3, 11, 19, 55 and 87 and Z, +) the values 1, 3, 
13, 21, 39, 57, and 89. The series of elements 
winch correspond to the first appearance of the 
electron with given n and given n, are identical 
because the filling of the levels with a new value 
for nN» as also of the levels with a new value for 
n, always begins with the s-subgroup. In connec- 
tion with this, the elements whose electron for 
the first time appears with a new value for n (and 
witha new value for n,) are those elements of the 
first gr oup of the system of Mendeleev, the ele- 
ments lying at the beginning of each period. Since 
the chief quantum number of the s-subgroup of the 


LETTERS TO THE EDITOR 


levels with the filling of which (group) the period 
begins, is equal to the number of the period, one 
can consider that Eq. (10) as coming from the rule 
of systematic filling (Aufbau principle) of the 

(n + DJ) groups, an expression of the relation between 
the number of the period in the system of Mendeleev 
and the charge of the nucleus of the atoms of the 
element beginning the period. 


lyv.iM, Klechkovskii, J. Exper. Theoret. Phys. USSR 
26, 760 (1954). 


2V.M, Klechkovskii, Dokl. Akad. Nauk SSSR 80, 
603 (1951); J. Exper. Theoret. Phys. USSR 23, 115 
(1952); see also Yeou Ta, Ann. Physik 1, 88 (1946); 
L. Simmons, J. Chem Educ. 24, 588 (1947); R. Hakala, 
J. Phys. Chem. 56, 178 (1952). 

3 A.Sommerfeld,Wave Mechanics vol. II. D. Ivanenko 
and S. Larin, Dokl. Akad. Nauk SSSR 88, 45, (1953). 

4 V.M. Klechovskii, Izv. Timiriaz s-kh. Akad. 2 (6), 
205, 1954; Refer to Dokl. Timiriaz. s-kh. Akad. 20, 
309 (1954). 

5 V. M. Klechkovskii, Zh. Fiz. Khim. 27, 1251 
(1953).; Dokl. Akad. Nauk SSSR 92, 923 (1953), 


© V. M. Klechkovskii, Dokl. Akad. Nauk SSSR 86, 691 
(1952); J. Exper. Theoret. Phys. USSR 25, 179 (1953), 
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Gamma Radiation Accompanying the Absorption 
of Fast Protons by Nuclei 


A. I. AKHIE ZER AND I. [A. POMERANCHUK 


Physical Technical Institute 
Academy of Sciences, Ukranian SSR 
(Submitted to JETP editor April 29, 1955) 
J. Exper. Theoret. Phys. USSR 30, 201-203 
(January, 1956) 


“eS absorption of fast protons by nuclei can be 

accompanied by the radiation of photons through two 
mechanisms. On the one hand, the absorption of a 
proton by the nucleus causes a diffraction pertur- 
bation of the proton wave, enabling it to radiate 
(diffraction radiation); on the other hand, radiation 
can be caused by the direct absorption of the pro- 
ton (bremsstrahlung radiation)”. The second mech- 
anism is more essential. In the present note we 
wish to estimate the role of the anomalous magnetic 
moment of the proton in bremsstrahlung radiation, 
our earlier calculation of which? was not exact. 

We will assume that for an estimate of the brems- 
strahlung the proton can be described by the Dirac 
equation with an anomalous magnetic moment nM 
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(y,0/dx, — iey, A, — Wey, Fs em) bes 0, (1) 


here Fy, = 0A,/0x, — JA,/0x, is the field tensor 
and A,, is the vector potential, equal to 4, = (2«)—/2 
e,exp {— i (kr — wf)} (e,, is the unit polariza 
tion vector, @ the frequency, k the wave vector of 
the photon; we employ the system of units in 
which c =% = 1). Since e << 1, in terms containing 
the Specs olisanetig field, it is possible to replace 
w by Yo = wesPl Et). where u is the spinor am- 
plitude of the incident plane wave of the proton 
with momentum p and energy E. In this way we ob- 
tain an inhomogeneous equation for 


(yo/0r — v4E’-+ m) © 
(2) 


= (20)7") (ee + 2u'hé) Dy (r) et kr, 
where 
L—— ®, he Was (est, 2, 3. 4), D, (r) = uce!Pr. 


Obtaining ®(r) from this equation on the surface 
of the nucleus, which is assumed completely black 
with respect to the incident proton, it is possible 
to define the current of protons, absorbed by the 
nucleus, which has one photon at infinity. This 
current density is defined by the formula 


a 


. =) hh * 
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and the bremsstrahlung cross-section is equal to 


do = ({7R2/V) (27) Sa%deod?0 (3) 


where v is the proton velocity, d20 the solid angle 
in which the photon is emitted. 
The solution of Eg. (2) has the form 


® (rt) = — (20) { Gy (r, ¥1) (4) 


x (ied + 2u/R e) eo 'D, (r’) dr’, 


where G, is the Green’s function for the Dirac 
equation : 


(5) 


, 


- (eee eels 
Go, t= E(t — ve 0 erg 


p= V E? — m. 


Employing Eq. (5) it is possible to show that 
Or) is given by the formula 
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and that the current is equal to 


i 


J 3eapEp™ (p' — | p— kp Sp {[—2w’ek —iee] (6) 


x [i(p —k) Y— Eva — mm] vP 
X [i (p —k) ¥— E’'ya — m) [ied + 2u'he] 


x lipy — Ey, — mj}. 


Carrying out the summation over photon polariza- 
tions with the aid of the relation 


>) ea-eb = ab — k-? (ak) (bk), 


where a and b are matrix vectors, we represent j 
in the form 


4 


ee See OS 
SopEp™ (p'—|p—kie io) 


j= 
X {[i/(ppi) pr + 8p) ¥ — ppi (E’va + ™)] 
Xx [2u'h + ie] [—i (pn) (ny) + Eva — m] [2w/R + ie}, 
where 


n=k/k, 23 = (E— k)? — m? —(p—ky)?, 


Par pep = pk 


The differential cross-section for bremsstrahlung 
is equal to 

R? do Ps 

= Gap o (et POP (2) 


{ 2 
x ie E (p—w) 0 + OF, (m> +- pre) | 


FRCL a A GeNS FSV ENE aN ot 
+2u ae (m> + p?0")? — mev. = (m? + p?0?) 


The first term in square brackets in Eq. (7) de- 
fines the bremsstrahlung for a particle without 


spin’, and the second term comes from the spin of 
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the proton. The lasttwo terms define the radiation 
caused by the presence of the anomalous magnetic 
moment of the proton. 

We see that the influence of spin and of the anoma- 
lous magnetic moment of the proton on brems- 
‘strahlung are essential only in the region of high | 
frequencies. One should bear in mind, however, 
that in the region of high frequencies, it is, strictly 
speaking, impossible to view the proton as a point 
charge, because here, due to the interaction of the 
proton with the meson vacuum, one should describe 
the ‘smearing-out’ of the proton, account of which 
can be taken in some circumstances by a form-fac- 
tor F, depending on the invariant photon fre quency* 


— 2 
ed =P [e(t+ =) 21 
mm 2E m Mo 


The cross section for radiation, taking into account 
the proton form-factor, is obtained by multiplying 
Eq. (7) by |F|?. 

We express our sincere gratitude to V. Bar’iakh- 
tar and S. Peletminskii for help in carrying out a 
series of calculations. 


* We consider the dimensions of the proton to be of the 
order I/my (where Mo is the meson mass). 


1 A, Akhiezer, Dokl. Akad. Nauk SSSR 94, 651 (1954). 


2 A, Akhiezer and I. Ia. Pomeranchuk, Dokl. Akad. 
Nauk SSSR 94, 821 (1954). 


3 L. D. Landau and I. Ia. Pomeranchuk, J. Exper. 
Theoret. Phys. USSR 24, 505 (1953). 
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Multiple Meson Production in 
Particle Collisions 


L. G. IAKOVLEV 
Moscow State University 
(Submitted to JETP editor April 6, 1955) 
J. Exper. Theoret. Phys. USSR 30, 203-205 
(January, 1956) 


T HE results of experiments! on multiple meson pro- 
duction by nucleon collisions at 109-1012 ev 
are only unsatisfactorily explained by thermody- 
namical and statistical theories. Following ref- 
erence 2 we shall consider the multiple production 
of mesons in light of the field theory of interaction 
of mesons with nucleons. 

We shall use the pseudoscalar charge-symmetric 
theory with pseudoscalar (PS) and pseudovector 
(PV) coupling. Only the meson field is double- 
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quantized; the virtual creation and annihilation of According to the formula 
pairs is not taken into account. Canonical trans- 
formation of the total Hamiltonian creates nonlinear W,,de ds, ...de, (8) 


(in @ terms. The perturbation theory is used in the 
first approximation; we assume that the term in the 
interaction Hamiltonian containing ¢” is the one 


mainly responsible for the production of n mesons.* 
From Lagrange Function** 


0 
= t+ ° states >-_ => 
oe Hh fe Ox, — 3M — gp. (T, 9) (1) 
— fo, (t, me) x' + Vet Ve + ote 


— tp + Y/2(Vo9q)? + Moog + ah 
With help of the variation principle we obtain the 
equation 
(2) 
[Do — U'] x’ =0, 


where 


(3) 


a= ia, 0/0, — Pail, v= 5 (=, =) + fo, (x, 2.) ’ 


co s 
poi Peon ys cp fi(p,x)} 
2 \ el? J la, XP 07 (P,*)s 
k=1 
+ ay exp{—i(PAl oe 
Performing the canonical transformation® 
x= ey ,€ *[Dyo—U"] o Sas ig, f (¢, o) (4) 


and dropping contact terms, we have, instead of 


(2) 


[Dp —U] x = 0; (5) 


D , has the former meaning, and the interaction 


Hamiltonian density has the following form: 


U = gen (x, o) + (e~*— 14) (me, = £02 (<, 9)) (6) 


Expanding e~* in series, we get U in the following 
form: 


pee o 


n=1 


i=2 fop n= 2k+1,1=3 for n = 2k. 


Ol aa a 
yp PO ar a) 


£1 = 


nN 


ee et | i), | AI €; (¢;— {) des, 
J 


whereH,, = \ xnVU xy (dt) [Un = ef, (<, o)"listhe matrix 
element of the transition of the system from two 
nucleons to a system of two nucleons and n mesons, 
we find the probability of production, in unit time, 
n m-mesons in the energy interval 


Ww, Der eae (9) 


fl 


— yl—n_1—2n 9 


SAS see atte 2 
Sn | Tay) (x, o) o:y, (ar) | 


n 
WE Ps 
x il &, (e711) de, 


t=1 


The integral in (9) depends on the nature of the 
colliding and produced particles. We shall assume 
that all the mesons and also all the nucleons are 
of the same type. Then the total probability of 
production of m mesons ts: 


(10) 


2 fy22—2 pl | \2 
Wom as (2 pea Le ehie 
ee 


Oe tie 1) Pema 


ra oh 
ae Lees p= 
x \ i= 1) de 
A 
=I 
AFr.— DD; fh 
Ml 
\ CG ES (AE— 3 ej.) den. 
1 k=1 


IN, is the part of the matrix element for the pre- 
sent not given explicitly. We assume only that it 
is of the same order for various transitions. AEF = 
total energy (in the center of mass system) trans- 
ferred from the nucleons to mesons. 
Assuming €;, > 1, we have from (10): 
By ens 
ae n | Ne j222n—-1 pak («+ 2ms\*n pon. 


e mtn | (2n) ! ny 


(11) 


u 


The relative probability, for large n, is 


W/W, 


n—1 


=n fn SAB. 
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The most probable number of mesons is propor- 
tional to AE2/3 in the center of mass system; that 
isons ™ (CG se in the lab system. The experi- 
ments show that AE = 7E; 7 changes little between 


0.2 - 0.4. One can put therefore*** np ~ E tab. 

In recent experiments! the production of mesons 
by bombardment of protons with neutrons at 2 x 10° 
ev was investigated. The following reactions were 
studied:n+p>2p+pt+m andn+prnt+p+a 
+n. It was found that Wir + 77)/W(n-) ~ 4. No 
cases of three meson production were discovered. 
From (9) one can find: 


W (xt, 7 ) Ce er mf \? NES (12) 


Wr) on es + 2mf) AE, 


Assuming that in the mean 30% of the total 
energy in center of mass system was transferred 
to the mesons‘ (which does not contradict data of refer- 


ence 1), wefindthat AF + 9(1.27 x 109 ev). Thevaluesof 


g and f we take as usual, namely g ~ 8 - 10 and 
f~0.2 — 0.6. All these values for f and g (g does 
not possess a great influence) give values of W, 
in good agreement in order of magnitude. Taking 
into account that here W,/W, ~ 0, one should 
put 0.2 < f<0.3. If we ie only PV coupling 

(g =0), it would be f ~ 0.5. 

In an analogous way the probability of meson 

production in meson-nucleon collisions is calcu- 
lated: (13) 


s ’ 
gre | N |? \2 jn 2n—2 
| a 2mp) fF 


| 
he n?—? (2n)!(n — 1)! (2 Oi on 


fe, — energy of the incident meson in center of 
mass system). 


The author wishes to express his deep gratitude 
to Prof. D. D. Ivanenko, M. M. Mirianashvili and 
V. V. Lebedev. 


* The use of perturbation theory would be more accep- 
table if we had only PV coupling, as the constant of 
this type of coupling is f< 1. However, even in the 
presence of the two types of coupling, the results are 
reasonable, as obviously the PV coupling has a greater 
influence on the variation in probability for different 
numbers of mesons [see (11) and (12)]. A fast nucleon 
in a collision with another one at rest loses in the mean 
only 30% of its energy in the center of mass system, 


which makes the use of perturbation the ory somewhat 
more plausible. 


** We make use of dimensionless units: ¢ == ee =i, 
The mass of the nucleon m = 6.7; the energy unit, 1.4 


x 108 ev; 


4, =%, 9, %, i; = 09/0m,, p= Op/Or. 


/W, 
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*** The used method is approximate only and does 
not pretend to be rigorous. The part of the matrix ele- 
ment containing the nucleonic functions is not given 
explicitly . Equation (11) gives only the energy de- 
pendence. One can assume, however, that the relative 
probabilities depend only in a small degree on IN, and 
a more exact calculation has little influence on gots 


1 W. B. Fowler, R. P. Shutt 
1026 (1954). 


2D. Ivanenko and V. Lebedev, Dokl. Akad. Nauk 
SSSR 80, 357, (1951); V. Lebedev, Dissertation, Moscow 


3 E. C. Nelson, Phys. Rev.-60, 830 (1941). F. J. 
Dyson, Phys. Rev. 73, 929 (1948). 


*'N. L. Grigorov and V. S. Murzin, Izv. Akad. Nauk 
SSSR, Ser Fiz. 17, 21 (1953) V. S. Murzin, Dissertation. 


Moscow State Univ. 1954. J. H. Noon et al. Phys. Rev. 
95, 1103 (1954). 
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Influence of Quantum Radiation Fluctuations 
on the Trajectory of an Electron in 
a Magnetic Field 


A. A. KOLOMENSKII AND A. N. LEBEDEV 


P.N. Lebedev Physical Institute, 
Academy of Sciences, USSR 
(Submitted to JETP editor August 1, 1955) 
J. Exper. Theoret. Phys. USSR 30, 205-207 

(January, 1956) 


aes influence of radiation should be, in general, 
taken into account in investigating the motion 

of a relativistic electron in a magnetic field. The 
quantum mechanical treatment of this problem, based 
on the Dirac equation, has been given by Sokolov 
and Ternov.’ The motion of an electron is described 
by two quantum numbers. The interaction with the 
field of virtual photons gives the probability of the 
change of these numbers, and consequently the 
change of trajectory in time. In reference 1 a for- 
mulawasfound giving the increase of the mean- 
square fluctuation of the radius with time, an effect 
not possessing a classical analogue. At the same 
time simple physical considerations2 show, tha 


the quantum (wave) character of the electronic mo- 
tion should reveal itself only at energies E > E, 2 
=me*(Rmc/h)!/2(R = radius of the ace iaata 
for usual values of magnetic field intensity, amounts 
to the extremely great value of Eovjg ™ WO > ev. 

It is therefore not necessary, in studying electron 


orbits at E << Ey) to use the solution of the 
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Dirac equation, a procedure connected with tedious 
approximation by Laguerre polynomials. 

We would like here to draw attention to the fact 
that the above-mentioned effect of “‘widening”’ of 
the trajectory can be very easily obtained and ex- 
plained on the basis of the usual classical theory 
of betratron oscillations, in which we need only 
to take into account, additionally, the statistical 
character of radiation. This approach permits us 
not aly to obtain all the results of reference 1, 
but also to correct certain omissions there from. 

From the point of view of the theory of betatron 
oscillations, the emission of a quantum of the 
energy € = fiw is accompanied by a discrete shorten- 
ing of the radius of the so-called instantaneous or- 
bit, about which the oscillations occur, by the 
amount 


Ae, =(e/E)R/(1—a), (1) 
where n = —(R/H) 0H/OR is the magnetic field fac- 


ter. The anplitude of the oscillations changes as 
well by a given value AA. The random changes 
Apy and AA, added statistically, bring about the 
‘“‘widening”’ of the trajectory. The situation here 
is mdogous to pendulum oscillations (bet aron os- 
cillations), the point of suspension of which (in- 
stantmeous orbit) is subjected to random impulses, 
governed by a given distribution law. 

We shall consider an electron, having a constant 
energy (in the mean), moving in an axially-symmet- 
ric magnetic field. The equation of the radial mo- 
tion of such an electron can be written; 


(2) 
c k 


te=a \ (> “.3¢0—7] é—br], 


Ne 
0 


where t = (c / R) Vi-nt, e,=ho;is the energy of 

the ith emitted photon, 5 = delta function, p = de- 
viation of the particle from the basic orbit of radius 
R, which is determined by the condition, that the 
mean (in time) energy E'= eH(R)R. The ei and 7% 
in Eq. (2) should be regarded as independent ran- 
dom variables. The right side of Eq. (2) describes 
the influence of radiation fluctuations, the constant 
D, describing the compensation of losses, being 
selected so that ? =0. Finding the oscillatory 


: 2 kin 
part of the solution of Eq. (2), P ber? and taking 
its mean value in time, we obtain 


oc 

a { i 

P= DERE Aa ay Ds iP (3) 
jaa 


where 7 is the mean number of photons of jth 
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frequency emitted during the phase Passing, with 
the help of well-known formulas (see e.g. reference 


3) to the continuous spectrum, and taking the mean 
we obtain 


a at 09 1 e % E 5 
ees 48 V 3 (1 — ny? me Rme (a) t. (4) 


This result is easily generalized for the case of a 
slowly (adiabatically) varying field. Since the 
betatron oscillations are damped as H71/2 ~ E-1/2, 
it follows immediately from Eq. (4) 


5 59 1 e 


2 ho omc? E \6 (5) 
oer 48 V3 (1—n)? me Rme E Ga) at, 
to 


which, as well as (4), exactly coincides with the 
results of reference 1. 

Apart from the excitation of the betatron orbits, 
still mother effect, not mentioned in reference 1] 
and consisting in statistical ‘‘widening’”’ of the 
instantmeous orbit ry itself should be taken into 
account. We have then only ru=) and not 

7y=R, , as it has been assumed in reference 1. 
The expression for oe can be written therefore 


p= on + Peer (6) 


We shall note, that one can, of course, deduce the 
expression for p2 directly from (1). 

For the explanation of the behavior of fluctua- 
tions of the instantaneous orbit we shall consider 
the acceleration of an electron in a hypothetical 
betatron, in which radiative losses are compen- 
sated in the mean by the vortex field. Writing 
down the energy change of particle on an instan- 
taneous orbit, Py We obtain the equation 


2 ela— 23-4) (7) 
SE pees nee eve aii 
dt eH (1 — 27) H 


where €— is the mean value of the energy of quanta 
emitted at a given energy E, ay is the mean number 
of such quanta, emitted in unit time, and 


23—4ne’c f E \* 1 (8) 
Os lame 
= 3 4s RN ae ae 


Solving (7), we obtain, for g >> 1 and linea increase 


of energy with time, 


js 2 


ee) ee 1 ( EL (9) 
ae me (1 —n)(3—4n) =a 


It is interesting to note, that (9), obtained for the 
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betatron in question, coincides with the expression 
for the mem square amplitude of small radial phase 
oscillations in a synchrotron, caused by radiation 
fluctuaions,* while the condition g >> 1 is equiva- 
lent to the condition E >E,~=10* ev assumed in 
reference 4. The slow dependence of (9) on time 
(or energy) is explained by the strong influence of 
the danping due to radiation. 


Remak received during proof: Further investigations 
by the authors show, that if Eq.(2) is complemented by 
a term accounting for the law of conservation of momen- 


tum in ralidion processes, one obtains, insteal of Eqs. 
(4) and (5), the following formula: 


which materially differs from the formula of Sokolov 
and Ternov + 

This problem is studied in detail in another article 
by the authors”. 


1 A, A. Sokolov and I. M. Ternov, J. Exper. Theoret. 
Phys. 24, 249 (1953); 28, 431 (1955); Soviet Phys. JETP 
1, 227 (1955);Doklady Akad. Nauk 97, 823 (1954). 

2 V. V. Vladimirskii, 18, 392 (1948). 

3p. D. Ivanenko and A. A. Solokov, The classical 
Theory of Fields, GITTL, 1949, p. 275. 

4M. Smds, Phys. Rev. 97, 470 (1955). 


5 A. A Kolomonskii and A. N. Lebedev, Dokl. Akad. 
Nauk SSSR 106, 5 (1956). 
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Excitation of Synchrotron due to Electron 
Radiation Fluctuation in Strong Focusing 
Accelerators 


A. A. KOLOMENSKII 
P. N. Lebedev Physical Institute, 
Academy of Sciences, USSR 
(Submitted to JETP editor September 10, 1955) 
J. Exper. Theoret. Phys. USSR 30, 207-209 
(January, 1956) 


I T is well known tha the quantum fluctuations 
of the radiation of a relativistic electron mov- 
ing in a magnetic field leads to the particular effect 
of ‘‘broadening’’ of the trajectory. This was no- 
ticed first by Sokolov and Ternov’. The effect 
of radiation fluctuation on the excitations of syn- 
chrotron oscillations in accelerators with weak 
focussing has been studied by Sands? (see also 

a paper by Lebedev and the author?). The aim of 
this note is the investigation of this effect in strong 
focussing accelerators* whose designing is now 
under consideration. 


LETTERS TO THE EDITOR 


Consider a system composed of sectors with mag- 
netic field (with an angular spread v each) and sec- 
tors free of field (of length L each), forming iden- 
tical elements of periodicity. The magnetic field 
gradients (large in absolute magnitude) have oppo- 
site signs in neighboring sectors. If the electron 
energy deviates by AF from its equilibrium value, 
the instantaneous orbit near which the betatron 
oscillations take place are deformed and deviate 
from the main equilibrium orbit by a length Py), 


which can be written in the form: 


Py (8) = (RY (8) /| 2 |) AE/E, (1) 
where R is the radius of the main orbit, n =the index 
of the magnetic field (|7!>1), 6 =the general- 
ized azimuth, (8) = a function determined by 
the parameters of the system and having a period 
equal to the period of the system 9 = 27/N. 
For the behavior of the function (0) in the simplest 
case, see reference 4. In the case of weak focus- 
sing, the expression ¥(9)/|7| in (1) is replaced 
by 1/(1 — n) where 0 <n <1. The mode of the syn- 
chrotron is characterized by AE, Py) , and also 
by 1=%—9%, ie., the difference between the 
phase of the particle (with respect.to theaccelerat- 
ing field) and the equilibrium phase J): Using (1) 
we get the relationship: 
by AE Naas 
lil ce ee 
where w is the rotation frequency, q = the accelera- 
tion, and ,,=the average of ¥(6) over the regions 
with magnetic field. 
Using the well-known expression for the instan- 
taneous power of radiation loss® 


(2) 


dW / dt = (2e%e ( 3RX,)(E | me*)s (3) 


One has to take in consideration that, in the 
given case, the radius of curvature Re of the 
trajectory at the point of the instantaneous orbit 
does not coincide with the radius-vector of the 
point: 


er fe tees eons) (4) 


(8) R 
Writing the balance between the energy received 
by the particle from the accelerating field and the 
energy used up by radiation in one period (taking 
into account fluctuaions), and using equations 


(2)-(4), we obtain the linearized phase relation in 
the form 


ce Nees ey ASPET B dn 
dE Neos ede dt (5) 
qo? Uy, eVy SiN Qp qo Ur oe 
eel Bat ee ee ee ae 
o|{n Ve o|n l E 1) €, 
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where V  cospis the accelerating potential; ¢ — 


the mean value of the quanta emitted by the elec- 


tron at the given energy E;a _> _ thevdessation 


(fluctuation) of the number of quanta emitted per 
unit time, from its mean value; the coefficient Q 
is determined by the accommodation parameters 


Q=24 bg— bat by /I nl, (6) 


where v and W_ are the averages of wW(6) over 
focussing (n < 0)" and defocussing (n > 0) sectors. 
The calculations show that Q~4. Note that the 
coefficient E of d,/dt in (5) can be neglected in 
that range of energy where radiation (and its fluc- 
tuation) is important. Assuming a linear time de- 


pendence, we can solve Eq. (5). For the mean 
square of 7 , we find: 


Sea al 55 V3 hic q Vr me? (7) 
7 te 


2 > ——- Cc 
64 e2 cs Y|n| gy E , 


where the factor ¥4/Q|”| is approximately equal to 
1/\|n|. Equation (7) can be used to find the azi- 
muthal dimensions of the electron concentration, 
which are of some interest for evaluation of loss 
by coherent radiation. 

The largest radial deviation p, ,| of the instan- 
taneous orbit is determined by (1), when (6) is 
given its maximum value Wax): Using (1), (2), 


(5), and (7) we obtain the mean square value: 


(8) 
2 = (55V3/96) (AR / me) (¥2,4, / Qin [P) (E/ me2)?. 


omax 
Note that exactly the same correction characterizes 
the instantaneous orbit in a strong focussing beta- 
tron, in which the radiation losses compensate on 
the average. The evaluations show that, near the 


center of steadiness V\ n{v~n/2) the factor 


2 x /Qin|?=10/|n|2 , while in the case of 


weak focussing”’® it is replaced by the expression 
4/(4—n)(83—4n), which, for n ~\ 0.6-0.7 is 
~ 10. The small dependence of Gas. on E ort is 
explained by the influence of powerful extinction 
linked to the large magnitude of the mean radiation 
losses. This extinction has a simple physical meaning. 
It can be shown that it corresponds to the fact that 
when the orbit is displaced along the radius, the 
particle radiates in such a way that the change of 
its energy tends to restore the instantaneous orbit 
in its equilibrium position. 

If, for instance, we let 4max ~ 104 oersteds, 


then, according to Eq. (8), we get the aa 
ae 1 ; Bla . 
sey) ol <Epv/|n\, which shows tha 
even for E~5+10BeV is only of the order 


of a centimeter. The considered effect has thus, 
by itself, no appreciable effect on acceleration. 


1 
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Phys. USSR 24, 249 (1953); 28, 431°(1982); Dokl 
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1, 227 (1955) 


2 
M. Sands, Phys. Rev. 97, 470 (1955). 


3 A. A. Kolomenskii and A, N. Lebedev, J. Exper. 
Theoret. Phys. USSR 30, 205 (1 956). (English Trans- 
lation: Soviet Phys. JETP 2, 130 (1956). 


4 
E. Courant, M. Livingston and H. Snyder, Phys. Rev. 
88, 1190 (1952). 
5D. D. Landau and E. M. Lifshitz, The Classical 
Theory of Fields , 1953. 
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Auger Effect in Heavy Atoms 


V. N. Mokuov anp M. G. URINn 
Moscow Physico-engineering Institute 
(Submitted to JETP editor September 15, 1955) 
J. Exper. Theoret. Phys. USSR 30, 209-210 

(January, 1956) 


XCITED atoms, in which one of the interior 

electrons (say a K-electron) is missing, undergo 
transitions to a_ lower energy state by means of 
radiation of a quantum or by a nonradiative transi- 
tion With the emission of an electron (Auger Effect). 
The total number of transitions per unit time (1/e), 
has been obtained for the nonrelativistic case for 
arbitrary Z with the aid of the Coulomb function, | 
Only in the case of the interaction of L-electrons 
(for Z = 47) has the screening of the atomic nucleus 
been taken into account.” 

In first order perturbation theory, 


QT 


B | V (74144, NoglotNs | 100, kl’ m') 


ue 
—— 
—V (Aolottg, Mylym,|100, Rl’m’) |? 


and 


=a a | V (nly, Nol ots | 100, kl'm’) Ie 


4 
7 
for the interaction of electrons with parallel and 
antiparallel spins, respectively. Here we have 
the matrix elements of the operator V = Ly {re —r,|, 
which corresponds to a transition from a state wich 
quantum numbers 71, 11, Mj; mg, lo, my toa state 
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with quantum numbers 1, 0, 0; 14 m” and with momer 


tum k of the emerging electron (atomic units are 
used here). In the radial integral which enters into 


the matrix element, the important region is evidently 


aly ips IL, In this region the wave function 
of the initial state coincides with the Coulomb 
function with accuracy to a normalization factor 
A_.. To find A_,, we make use of the fact that the 
nL = L’ : i : 
initial and Coulomb functions are quasi-classical 
for r>>1/Z. If we write out the quantization rule 
and the normalization condition for them, we get, 
after some simple transformations, 


Ant = Brt V (3 / Z*) (0E£,,,/ On), 


where a is the normalization coefficient of the 
Coulomb frre ion Eis the energy of the corre- 
sponding level. In this case, it is assumed in the 
calculations that forn =1, 2, A,)= B 


For large n, and for n, = 2, 


nl’ 


1/t= Art, OE, | Ong ’ 


where A, I is almost independent of No. There- 
1 


fore, replacing the sum over n,, beginning with 
n, = 3, by an integral, we can write the total num- 
ber of Auger-transitions per unit time in the form: 


HE 2 co 
(i I T)s a (4 / 19 A =i > » Art, \ (0E 41, / OA) dn, 
1,=0 1,=0 No=3 
1 co 
+ Arg | @Bn,3 /Om) dn, +... 
1,=0 na=4 


we 1 
aap >) > Ay, s1,— > Ay 3Ey3— ++ +> 


t=0) 13==0. 1;-0 
where small terms of the type 


A, 1, (OE, 1, / On,) (0E,,.1, / On,) (1, = 2). 
are discarded. 
In the first approximation, 


i 2 
(1 [T)s = Ca) SS) Dy Ai, 751, G 
7 


M— t3=0 


We can put E in the form:3 
3l, 
E 


For (1/t); 7, making use of the well-known re- 
sults ot reference 2, we obtain for Z = 47, after 
some computation, 


31 ~—(Z-—8;)’/ 18, where s; is the screening constant 
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(1/7), = 45,9 atomic units (1) 


A quantity defined from experiment is the coef- 
ficient 


ty = Z4 (1/T)s / (1 I Dead, 


where (1/ 7) aq is the number of radiative transi- 
tions per unit time. For Z = 47: (1/7) raq = 0.197 
atomic units. * Making use of Kq. (1), we obtain 
*~=1.14X10.° The experimental value is 
%« =1,14x10.° Calculation with the help of the 
Coulomb functions gives %q% =!.65-10°. 

The authors express their deep gratitude to Prof. 
A. B. Migdal who directed the present research. 
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Scattering of Fast Neutrons by Semi- 
transparent Nonspherical iluclei 


E. V. INOPIN 
Physico-technical Institute, Academy of Sciences, 
Ukrainian SSR 
(Submitted to JETP editor September 27, 1955) 
J. Exper. Theoret. Phys. USSR 30, 210-212 
(January, 1956) 


T HE scattering of fast neutrons by an opaque 
nonspherical nucleus with spin zero has been 
studied by Drozdov!»?, The scattering of fast 
neutrons by an even-even semitransparent non- 
spherical nucleus is considered in the present 
work. 

According to Bohr and Mottelson®’*, the even- 
even nuclei in their rotational states have the form 
of an ellipsoid of revolution and the wave function 
of such a state is a spherical harmonic Y (o)*, 
where /, m are the spin of the nucleus and the pro- 
jection of that spin, @ represents the angles 9, 
pwhich characterize the direction of the axes of 
symmetry of the ellipsoid. The rotational levels 
are determined by the formula £, = (h*/2/)1(/ +1), 
£=0,2,4,...,where J is the effective moment of 
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inertia of the nucleus. If we introduce the eccen- 
tricity of the nucleus « = 1 — (a/b)? (6 is the radius 
of the largest circular cross section of the ellip- 
soid), then / = Wal es where ee is the ordinary 
moment of inertia of a spherical nucleus of equal 
volume. For most nuclei, |e| ~ 0.2-0.3. For fast 
neutrons, we can use the adiabatic approximation 
and consider.the scattering of the neutron ona 
fixed nucleus. We can then write the wave function 
of the system in the form ‘W(r, @) = 4, (F, ©) 

xV I,m, (),where u, is the wave function of the 
neutron scattered by a fixed nucleus whose orien- 
tation is given by the angles w. In what follows 
we shall consider that the nucleus is in the ground 
state before scattering, i.e., 1) = 0. 

To calculate the amplitude of the scattering, we 
make use of the formula of Francis and Watson5, 


BEE i Seely pcpee at 
£(0, 0) = — £7a\ exp (kk) x A 


+ i(n—1) kD (x)} dx, 


Here k, k’ are the propagation vectors of the inci- 
dent and scattered neutron, respectively, ( repre- 
sents the angles which define the direction of k% 

D(x) is the distance traversed by the incident neu- 
tron (in the nucleus) which is found at the point x; 
integration is carried out over the volume of the 


ellipsoid, whose orientation is defined by the angles 


@; the complex potential U is connected with the 
complex index of refraction n by the relation 

U = — (hk? / 2u) (n° —1) - The region of applica- 
bility of Eq. (2) is evidently limited by the condi- 
tion |U|/E << 1, where E is the energy of the neu- 
tron. The cross section for scattering in the direc- 
tion © with excitation of the rotational level l, m 
is determined by the formula 


2 


Spm (Q) = | d0% in (w) f(o, Q)] . (3) 


The total cross section of all processes and the 
cross section of capture are given by the relations 


1 


a ars 


Im | dof (OF 0) | : 


4 —D (x)/A 
Oo. = Lae \ dw dxe » 


where A = 1/(2kImn), 6 is the scattering angle. If 

we take the direction. of the vector k as the axis of 

quantization, then the symmetry properties of Eq. 

(2) lead to the relations o) mo) = 0 if J is odd, 

0) (= 0, _ (D3 7, (82) = 0 for = 0 if m #0. 
With the P2ip of a daccuinate transformation 

which transforms the ellipsoid into a sphere, with 
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a change to a cylindrical system of coordinates, the 
integral (2) becomes 


UO | ea Cy ee Ca (4) 
q 


1 


. 


x \) Jo(ex) sin (gq Vi=e*) exp {ip VI=} ede, 
0 


where 
% = 2kb sin © [4 2 9 271/9 
Z [1 ecosty—(asin > / 56 (0))° |, 
J n—t 
Pas ee 
2 sin® (0/2 y, —— 
q=p (1+ a), é (8) = Vi-esin 9, 


y is the angle between the vector k’— k and the 
axis of symmetry of the ellipsoid. With the use of 
Eqs. (3) and (4), it can be shown that the excitation 
cross section of the /th level is proportional to e, 
d.e., excitation is practicable only with J = 2. 

The integral (4) is computed for small angles 
kb@ <1. For angles which satisfy the condition 
2kbsinO/2 >> 1 for (4), we get the asymptotic ex- 


pression 


(5) 
apg A? [ (a +p) exp i Voe + (g — py) 
Ff (Q, @) = ab?R? ie [ate + pe 


4 (@—p) exp (iV + G+ a 


mt (Gp)? 


Calculation of the cross section (3) is carried out 
by means of a decomposition of the integral (4) 
(or its asymptotic expression) in a series in the 
small parameter e. 

If we start out in the calculation of the ampli- 
tude of the scattering, not from Eq. (2), but from 
the optical diffraction formula:® 


FQ; ©) = = \ (1 eos) ENTERAL Wis ; (6) 
2 

(here 2s is the penetration of the neutron in the nu- 

cleus; integration is carried out over the area of the 

projection of the ellipsoid on a plane perpendicular 

to the vector k) then the following expression is 

obtained: 


f (Q, @) = ikb°é (9) a 
[t— exp (2ip V 1—e7)] Jo (%o#) ° 4» 


0 
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where 


%o = kb sin 0[cos? @ + £2(9) sin? o]’/2, 


pis the azimuthal angle of the axis of symmetry, 
measured from the plane determined by the vectors 
k, k’. It is easy to see that Hq. (4) transforms into 
Eq. (7) for small angles of scattering 0, with accu- 
racy to (n+ 1)/2=1. Evidently the optical ap- 
proach of Eq. (6) is valid only for very small scat- 
tering angles. 

In the Born approximation, which is valid for 
kR\U\/E << 1 (R is the radius of the nucleus), we 
can set n — 1] = 0 everywhere in Kq. (4) except 
in the multiplicative factor n2 _ ], We then obtain 


FA(OR @) = V 2rh-2 uabeUy—*l2 Lae (y), (8) 
where y = 2k sin (0/2)V1—ecos?y. Here the 


dependence of the amplitude on the angles w is 
determined only by the angle y. Therefore, if we 
choose as the angle of quantization the direction 
of the vector k’— k only such states will be ex- 
cited for which the projection of the momentum is 
equal to zero. The cross section of excitation of 
the /th level can be calculated, not by Eq. (3), but 


by the simpler formula 

rn i2 
0, (Q) = (21 + 1) \ P, (cosy) f(y, Q)d cosy | ; 

0 
the cross sections of excitation of a level with mo- 
mentum / and projection m in the direction of the 
vector k, are calculated with the help of the addi- 
tion theorem for spherical functions. There also 
follow from Eq. (8) certain conclusions on the angu- 
lar correlation between the scattered neutron and 
the photon produced in the transition 1 > 0. Thus, 
for example, for / = 2, the photon has an angular 
momentum equal to two and a projection of this mo- 
mentum in the direction of the vector k’ — k equal 
to zero; therefore, we get for the angular distribu- 
tion of photons?: 


(9) 


I (x) = (15 / 8) (cos? « — cos# «), (10) 


where « is the angle between the direction of the 
photon and the vector k’— k. 

Starting out with Eq. (8) and the expression for 
the total cross section of elastic scattering and 
of the excitation of all rotational levels 6, (Q), 
= (4n)"! J do | f(e, Q)[?, one can show that the an- 
gular distributions just obtained are the mean of the 
angular distributions, taken with a weighting factor 


for elastic scattering on spherical nuclei having 
radii from R, =a to R, = 6. 
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For small eccentricity (|e| << 1) we get from Eqs. 
(8) and (9): 
(11) 


Sah eine 
Tipsy (240 oe al 


uab (lj? 2 
h® (1/2)! (21-41)! | 


! az 
6, (Q) = «A, | (240 sin >) ue 


Ay= 2+ (264 4) x 
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Sen Drozdov, J. Exper. Theoret. Phys. USSR 28, 
734 (1955); Soviet Phys. 1, 591 (1955). 

2S. I. Drozdov, J. Exper. Theoret. Phys..USSR 28, 
736 (1955); Soviet Phys. 1, 588 (1955). 

3 A. Bohr, Dan. Mat. Fys. Medd. 26, 14 (1952). 

4 A. Bohr and B. R. Mottelson, Dan. Mat. Fys. Medd. 
27, 16. (1954). 

5 N.C. Francis and K. M. Watson, Am. J. Phys. 21, 
659 (1953). 


cs A. I. Akhiezer and J. Ia. Pomeranchuk, Some Prob- 
lems of Nuclear Theory, GITTL, Moscow, 1950. 


7 A. 1. Akhiezer and V. V. Berestetskii, Quantum Elec- 
trodynamics, GITTL, Moscow, 1953. 
Translated by R. T. Beyer 


37 
yee of Using Artificial Earth Satel- 
lites for the Experimental Verification of the 
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(Submitted to JETP editor October 2, 1955) 
J. Exper. Theoret. Phys. USSR 30, 213-214 
(January, 1956) 


A? the present time it is possible to assert that 
experimental tests have brought about a con- 


vincing verification of the general theory of rela- 
tivity." However, an even further verification of 
the theory does not appear superfluous. Therefore 
it is appropriate at this time to point out the possi- 
bility of an experimental verification of the general 


ates! of relativity by utilizing artificial earth satel- 
ites. 


The reception of the radio signals on earth from 
the satellite can be used to determine the gravita- 


tional shift of frequency in the earth’s field? The 
relativistic gravitational change of frequency v is 
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eo a ede (1) 
y e \rs aeua Eola aes 

=1,09-10 fh (1 —*), 

ee 


where x = 6.670 x 10-8 is the gravitational con- 
stant, M = 5.98 x 1027 is the mass of the earth, 
r = 6.38 x 108 is the earth’s radius, g = 981 the 
gravitational acceleration, h is the height of the 
satellite above the earth’s surface. For h~ 800 
km, Ay/y = 7.6 x 10-11, ifh>>r,then Av/v=7 
x 10-1°, (the observed shift in the earth’s field 
is of course, violet and not red). Furthermore, in 
the radio band it is in principle possible to achieve 
an accuracy of one part in 10!” using atomic 
clocks3, and an accuracy of greater than a part in 
101° has already been achieved4. Equation (1) 
does not give the total change in frequency of the 
radiation emitted from the satellite since it is 
necessary to include the Doppler shift as well. It 
may be easily shown from the general expression 
for the Doppler effect in the gravitational field 
(cf. reference 5, sec. 116) that to the pertinent 
accuracy of the order of ~ v2/c? the gravitational 
and the Doppler shifts of fre quency simply add. 
It is then possible to use for the Doppler shift 
the usual formula 
Ay. Vit — (vc?) 
raat 


Vv qe 
Cea — oe pee pee 2 
=| - cos 6 oa (1 —2 cos? 8), 


where v is the velocity of the satellite relative to 
the earth’s surface and @ is the angle between the 
velocity and the line of sight. For v and @ it is 
possible to use their instantaneous values and the 
acceleration of the source does not enter anywhere 
into the result. For satellites close to the earth, the 
corrections connected with the rotation of the earth 
(one is considering the system in which measure- 
ments are performed as fixed on the earth) are small 
and may be neglected (these corrections are < oe / 
c2~ 2x 10°! where Os 4.6 x 10° is the velocity 
of the earth’s surface at the equator). In observa- 
tions of the satellite at the angle 6 = 7/2, the 
linear Doppler effect disappears, but the quadratic 
effect remains, and is equal to (Av/v), = — v*/2c* 


=— uM « (2c? (ethye= — 39-10 [1 — (Fir sl, 


where the orbit is considered circular for the sake 
of simplicity. For h = 800 km (Av/v)d = —3 x 19°*° 
i.e., the quadratic Doppler effect is already 4 times 
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greater than the gravitational frequency shift. For 


that and other reasons the difficulties standing in 


the way of the discussed experiment should certainly 
not be underestimated. More distant satellites are 
more favorable for such an experiment. 

The second effect of the general theory of rela- 
tivity that may be verified with the help of a satel- 
lite is the precession of the perihelion of the orbit. 
For the earth’s satellites this precession (in angular 
seconds per century) is, according to the formula 
of Einstein, equal to 


om de ya a 
> SD . “1 —. 
BT Tag ee NO ae (2) 
_1.74-40%5 
a’is(1—e?)’ 


where Y = 365.25 is the number of days in a year, 

a is the major semi-axis of the orbit in centimeters, 
e is the eccentricity of the orbit and T is the period 
of rotation of the satellite in days (for the earth 

in particular only the last expression applies, of 
course). 

Equation (2) does not include the effect of the 
sun on the motion of the perihelion of the satellite 
which is 7.6” per century. The effect of Eq. (2) 
may be very large for the earth’s satellites, as was 
already emphasized®. For satellites close to earth 
it reaches approximately 1500” per century, while 
for Mercury ¥ = 43’’per century. More detailed con- 
siderations show that, from the point of view of 
feasibility of measuring the effect, the observations 
of the satellite over one year may be more favorable 
than observations of Mercury over one hundred years. 
It is not impossible that employment of the radio 
method for the measurement of the perihelion pre- 
cession will result in even more favorable results. 
Still, as is shown below, there is a tempting possi- 
bility of discovering the influence of the earth’s 
rotation on the precession of the satellite’s peri- 
helion and also on the rotation of the modes of its 
orbit. 

In the Galilean system of coordinates the field 
of arotating body has non-zero components of the 
type &q(+=1,2,3)- Then we have for the case of 
a weak field at a large distance from the body (cf. 
reference 7, Sec. 100): 

g=— a rir re uv] dV, (3) 


i a 


Where £2 = — Sal &o0 = Soa? pis the mass 
density at the point r’ moving with velocity V andr 
is the distance from the center of the body to the 
point of observation. For a sphere the Eq. (3) is 
applicable everywhere outside the sphere and for 


p const., / = 2/5Mr® @, where M is the mass of the 


138 


sphere, r) its radius and @ the angular velocity of 
rotation. Lense and Thirring® have shown that the 
field of Eq. (3) results in an additional precession 
of the perihelion of the satellite(planet) by the angle 
(in angular seconds per century) 

ries Ts 4 (4) 
9e2tT? (1 — e2)*/2’ 


ee a 
ie 15\a) <(14 —e2)/2" 


where 7(in days) is the period of rotation of the 
central sphere producing the field. In Eq, (4) it is 
assumed, for simplicity, that the plane of the orbit 
coincides with the equator of the rotating sphere and 
that the rotation of both the satellite and the sphere 
take place in the same direction. In a general case® 
a multiplicative factor (1 —3 sin’ (i/2)), appears in 
Eq. (4), where i is the angle between the equatorial 
plane and the plane of the orbit. The angle of ro- 
tation of the nodes is smaller by a factor of 2 than 
the angle of fq. (4) and has an opposite sign. To 
obtain the total effect it is only necessary to add 
algebraically the precession of the perihelion of Eq. 
(4) with the precession of Eq, (2). 

In the case of Mercury (2 = 5.8 x 1012, T = 88 
days, “0 =7@ = 6,96-10%0 and Etss gy 028 days) 
A = 2.5 x 10-4 and ¥,= 0.01". At the present time 
the accuracy of measurement of the precession of the 
perihelion has reached the order of 1‘. For a nearby 
satellite of earth the picture is quite different. Forh=400 
km, T = 1.54 hours: As 3 x 10°? and ¥ 2-43 % 
per century. Thus the relativistic effect connected 
with the rotation of the earth is of the same magni- 
tude as the total relativistic effect for Mercury. 
Thus it appears desirable to give attention to the 
possibility of a measurement of this relativistic 
**rotation effect’’. 
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Regularized Theory of Field System 


E. M. LipMANOV 
Novosibirsk State Teachers’ Institute 


(Submitted to JETP editor October 15, 1956) 
J. Exper. Theoret. Phys. USSR 30, 214-216 
(January, 1956) 


I N the papers!»?, it is shown that the meaning 
of the relativistically invariant regularization 
removing the divergences in the current field theory 
consists in replacing the usual field equations by 
equations with higher order derivatives. However, 
because of the known difficulties related to nega- 
tive energies*, the problem of interpretation of the 

field theory with higher order derivatives is not 
solved. 

For sake of simplicity let us consider a neutral 
scalar field, subject to the equation: 


n 


II (CO — x7) © (x) = —e’p (x), 


tae, 


(1) 


where “%0<%1<---%,, and p(x), is the density 
of the field sources. F'quation (1) is equivalent to 
the system of equations 


(D— x4) O, (4) =—e'Ce(x), i=0,1,2,.-., 2 @Q) 


where the constants C, are 


a=] They 


i+ j=0 


(3) 


and satisfy the Pauli-Villars regularization condi- 
tions. In this case the solution of Eq. (1) has the 


*form 


DESEO OIC (4) 
i=0 


In the absence of sources, the solution of (2) can 
be written in the form of a Fourier expansion: 


(5) 


3 (Bede 


we zip ; 
x) Ser? (a; (2) exp (— io,t + kr) 


k 
+ a;*(k) exp (i,t — ikr), 


2 
where wo, =(k* + ee The expression for the 
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entire energy of a free field takes the form: 


n n 
H= >) H, = S) Sto, (ata, + aap). ©) 
i=0 i=0 & 


The canonical quantization gives the following 


relations for the operators a,, a; - 


(a; (@), a (e)] = (—1)'8,8,10 7) 
It follows from Eq. (6) that to the ‘ ‘usual’’ fields 
there correspond even i’s, and to the ‘‘unusual’’ 
fields, odd i’s. From Eq. (7) it follows that, for 
usual fields, the particle number operator is NV, 

= @.. a, and, for unusual fields, it is N, =a, ae 
Expression (6) takes then the form 


H=DH,= Ste (NV, 4+) (—1). 8) 
i=o 


i=0 Rk 


An attempt to interpret this theory in the sense 
that it describes a system of fields with rest masses 
m, = hx,/C , and coupling constants e, =e C; 
encounters some difficulties in what concerns nega- 
tive energies of the free unusual field [as it can be 
seen from Eq. (8)]. To eliminate these difficulties 
and to conserve the advantages of the theory (con- 
vergence), let us do the following: let us write the 
Heisenberg S— matrix corresponding to the interac- 
tion of the considered field (described by equations 

with derivatives of order 2(2n + 1) of the type (1) 
with the field of the sources, and let us average 
this S— matrix over the vacuum of the n unusual 


fields 


eee (9) 


x dx,...dx,P[H (x:),...H(x,)]> 


vac. unusual Fields 


H (x) = —e'e (2) (x) =—e" ) D(z) (x). 10) 
i=0 


The S-matrix (9) does not depend on the changes 
of the unusual fields: we take it as the funda 
mental law describing the interaction between the 
field of the sources and the (n + 1) usual fields, 
characterized by rest-masses m, Ai ORD 3° 2n) 
and by coupling constants e, which are expressed 
in terms of rest-masses of the usual and unusual 
fields. It is clear that, inversly, to any given sys- 
tem of (n + 1) fields with identical spin, charac- 
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terized by rest-masses and coupling constants, we 
Can associate a relativistically invariant, finite 
S-matrix (9); the unknown constants e “and the 
rest-masses m Ai odd) of unusual fields are deter- 
mined in terms of rest masses m.-(i = OND on) 
of the usual (real) fields, and of their constants 
e,; of coupling with the sources, by the equation 
eCre t= 0,2 4 On (11) 
It is easy to see that the S-matrix (9) corre- 
sponds to a quantum system of fields described 
with higher derivatives (1) in the Heisenberg rep- 
resentation, and obeying a particular conserva- 
tion law: for any real transition of the system the 


vacuum of the unusual fields has to be conserved. 
Quanta of the unusual fields may appear only in 


intermediate states. One has to point out, however, 
that this theory is not unique. The system of (n +1) 
fields can be described by equations with deriva- 
tives of order either 2(2n + 1) or 2(2n + 2) — which 
correspond to the existence of n or n +1 unusual 
fields. 

A complete uniqueness of the famalism is ob- 
tained by the restriction to equations containing 
derivatives of the lowest order. According to Eqs. 
(11) and (3) this restriction corresponds to the 
physical re quirement that no other experimental 
constants occur in the theory except the rest masses 
and the constants of coupling of these fields with 
the sources; this is the same requirement as in 
ordinary electrodynamics. However, in this case, 
the theory with a single field is not regularized. 
To regularize the S-matrix it is necessary and suf- 
ficient that the sources interact with at least two 
fields of identical spins. 

If one removes the restriction of lowest order 
derivatives, the S-matrix is always regularized — 
but in addition to the rest masses and the coupling 
constants of the usual field, an additional arbi- 
trary constant e “enters the theory*. It can be de- 
termined by comparing the theory with experimental 
data. 

The system of equations (11) does not depend 
on the tensor dimensionality of the field operator 
d(x). The theory can be thus applied to any sys- 
tem of integral spin fields, for example to a system 
of mesons interacting with nucleons. 


* Equation (11) is then a system of n + 1] equations 
for (n + 2) unknowns. 
Translated by E. S. Troubetzkey 
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Electron Plasma Oscillations in an External 


Electric Field 


A.J. AKHIEZER AND A. G. SITENKO 
Physico-Technical Institute, Ukrainian Academy of Sciences, 


Kharkov State University 
(Submitted to JETP editor January 3, 1955) 
J. Exper. Theoret. Phys. USSR 30, 216-218 

(January, 1956) 


HIS letter is concerned with the determination 
of the fre quency of oscillations of electron 
plasma placed in a constant and uniform electric 
field E ,*- 
We shall denote by Fir, v, ¢) a distribution func- 


tion of the plasma electrons. This function satis- 
fies the kinetic equation 


OF e OF 
Ee eo eee Oe Le 0, 


where J(F) is the collision integral and E is the 


electric field specified by the plasma oscillations 
and satisfying the relation 


div E = 4re \ Fdv — 4xen, 


where 7. is the equilibrium density of the ions. 
The equilibrium distribution function F', of the 

electrons in the absence of oscillations has the 
form? 
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wherew = mv2/2T,  =(M/6m)(eEql/T)2,™ and M are 
the masses of electrons and ions respectively, 1 
is the mean free path of electrons and 7 the tem- 
perature. If we assume that the distribution func- 
tion F differs only slightly from F 4, we obtain the 
following equations for f = F — F, and the field 
E: 


(1) 
ti Ga, Of . Ae 
Stile SiG ai 7, sea yas eran Ovi ee 


div E = 4xe \ fav, 


where the ‘term f/7 phenomenologicallytakes into 
account the presence of collisions (Tis the aver- 
age time between collisions). 

We seek a solution for the set of equations (1) 
according to Landau? in the form 


f(t, v,t) = \ fav, 1)!" ak, f, (v, t) (2) 


tooto 


Ini \ AMG. 


—ic+to 


E(r,/)=— grado =—i \ kg, (¢) el *F dk, 


{ looto 
Fo = fy (0) + Egvi (7), PS oe ene dp, o>0, 
w SA —ictoa 
fo(v?) = C exp - w+ \ i! a al — 
0 
2 oe el Of 
BON m ov’ and we obtain 
4 ay Wee Une 
RG (mt ' 1 am \ , 4 . 

wie \s co errr \ (p +ikv + = laos} \ g(v) exp BIE \ (p+ikv+ =) du} av,hav (3) 

) —a a) 
?p— Ux Oe Vy , 


ke ° [=| yeaa 
ov exp ae \ (pti or 0, |av,bav 
0 
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where g(v) = f;, (v, 0) and the field E, is assumed 
to be along the x axis. 

In the following we shall be interested only in 
the plasma oscillatory properties which are deter- 
mined by the so-called dispersion relation. The 
latter is obtained by setting the denominator of 
Ea. (3) equal to zero. 

It is easy to establish that even in the case of 
strong fields when € >> 1, the inequality mav /eE , 
>> lholds, where Q=V 4xnye?/m is the Langmuir 
fre quency and v the average velocity of the elec- 


trons. Therefore we shall assume that mpv/eE, » 1. 


Neglecting orders of E£ , higher than the first, and 
carying out the integration in the dispersion rela- 
tion over the velocity components perpendicular 
to the direction of the wave vector k we have 


foe} 
oe ( 2 (4) 
pa 877e { { ufo (u") re 
m wo’ /k—u 
—oco 
co 
* ®, (a?) 
ey 1 
5} on \ 2 eae lu 
—oo 
uf, (1) d 
—oo 
E fos} 
ween ( ufo (u?) a 
+i \ ee au} =0, 
—o 


where w! =i(p +73), 9=K/® 1 is the component 
of velocity along the wave vector k and 

co 

®, (w’) = \ 

a) 


fi (wu?) 2udu. 


Expandingkq. (4) into a series of powers of ku/aw ‘, 
and retaining only the terms up to the fourth order 
of ku/w’ we finally obtain the dispersion relation 
in the form 


= — hy? — (5) 
NZ) 


R38 , 
— 20? —, (nv) — 3iQ? —— —=9, 


‘wo 
where v2 and v are the average values of the 


square of the velocity and of the velocity vector 
of the electron. 


Sa 4 9 EB i 9 2 a n 
t= —-\e'fo()dv, vase \oh(e)d. (6) 
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Solving Fiq. (5) for w’ we obtain 


ow! = O + h8y*/20 + (kv) + eEyk/2mQ. (7) 


From Eq. (2) the Fourier components of the elec- 


tric field vary according to the relation E = const. 
exp (iktjt+ pt). Since w’= i(p + 7+), then Ex 


= const exp {—jyt + ikr—iwt}, where 
1 Rap eeaCE ( 
OO ety eerie ee 8) 
Saar aa (Vay, ere 


Equation (8) determines the fre quency and the 
damping of the plasma oscillations in the presence 
of the electric field. These are correct if £272 <Q? 
kv < Q. It is evident that the electric 
field decreases damp ing if the angle between the 
wave vector k and the electric field E,, is less than 
7/2. Wowever, even in the case of strong fields, when 
€>> 1 the ine quality 3eE,k/2mQ << 1/7. is true. 
Indeed t~//v, where, in the case of strong 
fields, y = (M/m)'!*(eEyl/m)'!2, and since k~ Q/y, 
then (3eEyk /2mQ)T~ Vm/M< 1. 

We shall give the expressions for the frequency 
of the plasma oscillations in the limiting cases of 
weak and strong fields, assuming that the mean 
free path does not depend m the velocity of the 
electrons. In the case of weak fields (€ << 1): 


Kae 


s=/ ae 


eE,kl 
ms: 


Rese 7B 
i= Olam V on 
For the case of strong fields (€ >> 1): 


4 TC) 
ay 1D (yn) 


(=) eEol ia 
o=| =—— ——_ 5 
3m m 


The authors express their gratitude to Acade- 
mician J... L. Landau for his interest in this work 


and to R. A. Demirkhanov and G. Ia. Liubarskii 


IR (@CUA) Pee 
C= arr er) O 


ier 


for discussions. 


* Gordeev! has devoted an article to this problem. 
However, he uses an equilibrium function which does 
not satisfy the kinetic equation. 

1G, V. Gordeev, J. Exper. Theoret. Phys. USSRE27, 
19 (1954). 


2 B. I. Davydov, J. Exper. Theoret. Phys. USSR 7, 
1069 (1937). 
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3 L. L. Landau, J. Exper .Theoret. Phys. USSR 16, 
574 (1946). 
Traslated by M. J. Stevenson 
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K-Meson Charge Exchange in Hydrogen 
and Deuterium 


LeBsOKUN’ 
(Submitted to JETP editor October 20, 1955) 
J. Exper. Theoret. Phys. USSR 30, 218-219 
(January, 1956) 


COMPARISON of cross sections for charge ex- 

change of K-mesons in hydrogen and deuterium 
can give valuable information about their spins and 
parities. Theoretical investigation can be carried 
out similarly to the charge exchange of 7-mesons 
in hydrogen and deuterium!. At the present time, 
apparently, the existence of at most two different 
K-mesons has been established: 6 and 7. @meson 
decays into two m-mesons and consequently should 
have even parity with even spin and odd parity 
with odd spin. Analysis carried out by Dali ? in- 
dicates that Fmeson apparently has odd parity and 
even spin. We shall consider the charge exchange 
of mesons with spins 0 and 1. 

In a general case the amplitude of charge ex- 
change of a meson with a proton is equal to 
-U,=a+bo. Here a and b are functions of mo- 
ménta ad spins of meson before and after the charge 
exchange; 6 is the spin operator. The amplitude 
of charge exchange with deuteron is expressed by 
u,: . 

ug =V 2 \ Y* (r) eT ah (r) dr. 
Here W, is the wave function of the deuteron, 
U(r) is the wave function of two neutrons appear- 
ing as a result of the collision, % = (k —k/2 and 
k and k’ are the momenta of the meson before and 
after the collision % =c = 1). 

The cross section for the charge exchange with 
a proton in terms of the amplitude is % = °%. 

+ ante a, o, = B. The cross section of 
charge exchange with deuteron, summed over 
states of the two neutrons after collisions* 


Gy = (6, +7/30,) F_+1/,6,F,, 
Pi =14(«/x) are tg (x / «). 


For «=0: Fi=2, F =0, Here e=«7/M 
is the binding energy of the deuteron and the bars 
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denote averaging and summations over the spin 
states of the meson (if it has spin). 

We shall consider charge exchange with scat- 
tering at small angles. In this case % << k and it 
may be assumed that k and k “have the same direc- 
tion. We shall now consider several cases in more 
detail: 

1. Charge exchange of K-meson with spin 0 
without a change in parity. In this case ais a 
scalar, b is a pseudovector. However, since there 
is only one vector in the problem, k, and for the 
<onstruction of a pseudovector at least two vectors 
are necessary, then b = 0. We obtain % = %: 

Oy =0 yale 

For x =0: oj/o, =0. 

2. Charge exchange of K-meson with spin | with- 
out a change in parity. Beside the vector k there 
are two other vectors (pseudovectors): j and j}‘%, de- 
termining the direction of the meson spin before and 
after the charge exchange. In this case b ~ |jj’] 


S,=5,+5;, Gy = (6, +.7/35,) F_ + 1/3 6,4. 


For x=0: Oy | 5, = 20, / 3 (6, + 6,). 


3. Charge exchange of K-meson with spin 1 into 
K-meson with spin 0 without achange in parity. In 
this case a= 0, b~j, ; 


oO = oF, 


'p Oy ="/s0,F_ +g 0,F,. 


For x = 0: 6y/6, = 7/3 


p 


4, Charge exchange of K-meson with spin 0 with 
a change in parity. In this case a= 0, b is a vector 


(b ~ k) and 


i Nis, Oo, = ?/36,F_+ 1/36, F4. 


For *% = 02 :0}'/6 


p=’ !s. 


5. Charge exchange of K-mesons with spin 1 
with a change in parity. In this case b~k x [jj] 


oF a Oy i Sp, oy == (o, oe */3 So») Pe ae Vs o,f s, 
For »=0: 84/5, = 26,/3 (6, + ,). 
6. Charge exchange of K-meson with spin 1 into 
K-meson with spin 0 with a change in parity. In 


this case b ~ [jk], 


Fp = 5g + 5, 5g = (0, + 7/36,) F_+-4/30, Fy. 


For x =0: 67/6, = 2s, / 3(6, + 94), 
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The authors express their gratitude to Professor 
I. Ia. Pomeranchuk for the suggestion of this prob- 
lem and V. V. Sudakov for his valuable advice. 


* The corresponding expression for °d¢ in the article 


of Berestetskii Contains several misprints. 


1 V. B. Berestetskii and I. Ia. Pomeranchuk, Dokl. 
Akad. Nauk SSSR 81, 1019 (1951). 


2 Rochester conference, 1955. 
Translated by M. J. Stevenson 
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On the Theory of Galvanomagnetic Effects 
in Metals 


I. M. Lirsuirz, M. 1A. AZBEL’ AND M. I. KAGANOV 
Physiko-Technical Institute, Academy of Sciences, 
Ukrainian SSR 
(Submitted to JETP editor October 25, 1955) 
J. Exper. Theoret. Phys. USSR 30, 220:-222 
(January, 1955) 


I N this communication we develop the theory of 

galvanomagnetic effects in metals, without 
making any special assumptions on the law of dis- 
persion of conduction electrons or on the form of 
the collision integral. 

1. An electron in a metal is here taken to be a 
quasiparticle carrying a charge e, with energy € 
and a quasi-momentum p; © is a periodic function 
of p, with the period of the reciprocal lattice. 

With an electron moving in a constant magnetic 
field H(H,=H,=0, H,=H) , € and 
p, femain unaltered. Thus, in the momentum zone 


an electron moves along the curve 
e(p) =const; p, = const. (1) 


From the equations of motion, dp / dt = (e/c) [v, H] 
iv = V5) we obtain: 


j=—(c/eH)\dl/o,. (2) 


Here dl represents an element of arc of curve (1), 
taken in the direction of motion, while vj repre- 
sents a projection of velocity vector upon the plane 
(x, y). The character of an electron’s motion along 
a trajectory within the momentum zone actually 
depends on whether curve (1) is closed (i.e., 
whether it consists of a series of closed curves 
each of which is disposed within the limits of a 
single space in the reciprocal lattice)*, or whether 
it is open (i.e., whether it passes uninterruptedly 
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through the entire reciprocal lattice). If curve (1) 
is closed, then the transition along this curve is 


c al 27m*c i OS 
yh = — = : esate a Ses 
eH UL eH oe eg ee) 


where S = S(¢, pz) corresponds to the area of inter- 
section of surface dp) = const with plane p ,= Const. 

The quantity m* can actually be called the effec- 
‘tive mass of an electron in a magnetic field. The 
sign of this effective mass (and of the period as 
well) depends on whether the energy within the sur- 
face €(p) = € is smaller than ¢(m* > 0) or larger 
than e(m* <0); this criterion does not hold true 
for the intersecting curves. It should be noted 
here that the concept of effective mass cannot be 
introduced for open trajectories. 

2. While describing the state of an electron in a 
magnetic field it is proper to use variables «, P, 
and a dimensionless variable 7 = t/T » indicating 
the location of an electron in the trajectory (1) within 
the momentum zone Te = 2aem ,/eH, with Mo 
representing the mass of a free electron). TJ) was 
introduced for the sake of convenience, So as to 
free 7 from its dependence on. The kinetic equa- 
tion for the distribution function of f in the variable 
chosen by us is 


OFT rep OF oF 
ot + ap, Pe 362+ (Gr)=° (4) 


(In studying a stationary case, the values of. Pes é 
are obtained from the equations of motion). Assum- 
ing that f = fy —et,¥,E,, we align (4) along the electric 
field E. Noting that ¢— eyE; Py = eE,, T=1/ To. 
we obtain 

OY, / OT + YW; = fy (©) Uj; 

WY; = bo (OY; / Oops Y = Ho! H; 
where f, represents the equilibrium Fermi function, 
t,, represents the characteristic time of relaxation, 
and To (/1o) = 0. The limiting condition for Eq. (5) 
is represented, for closed curves, by the condition 
of periodicty (with a period of T/T) of the function 
w, and, for open trajectories, by the boundedness of 
the function w,. 

As the mean value of F'q. (5) we obtain 


(5) 


WUi= fo (e) G;. (6) 


The prime in the above e quation indicates that the 
mean value was obtained with respect to % For the 
closed curves, assuming that 2rmv, = — 0p, / 07, 
LTV y =0p,/0t, we obtainiy, = 0 (« =~, ¥). 

3. We will find the solution for Eq. (5) under condi- 
tions (6) for large fields (y << 1), in the form of a 
series* with interval y. Computations show that 
for closed curves (1) 
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be =1 [Uy / 2m) Py HCI +O +... 


Py =U / 2mm) Py + Cy] HUD +-- (7) 
bac, Eyl nae 
C, represents solely the functions of «, p,- For the 
open curves (1): v,= Cl + yy + . The func- 


tions y\*), C; are determined by means eae Eqs. (5) 
and (6), and are dependent on the collision inte- 
gral. The fact that the zero member is absent in the 
expansion of W, for the case of closed curves is 
related to the condition v,=0. Here we assume 
that the interval S©~9 of the smearing out 

of the F'ermian function ts Gee € 4) does not con- 
tain open trajectories ces = energy anit at absolute 
zero; 0 = temperature). 

4. Making use of Eq. (7), * s possible to repre- 
sent the conductivity tensor ©, , in the case 
when interval 3¢ ~ 0 of the spreading out of the 
Fermi function f contains only closed trajectories, 
in the form 
Ya xz 


5;,(H) = (8) 


Vo ye Yay, Y@yz ul 


Y4z~e Y8zy =a, 


in which the subdivision of the factors of matrix 
ip begins with the zero value of member y, 

The factor a, is not dependent on the collision 
integral when y approaches zero. Making use of ex- 
pression (7), we obtain: 


a~ \ fide \aP2 { Py@p,/Oe-ds (0) 


= \ fore | \?2 Pydp,- 


Assuming that fy (¢) = — 8 (¢ — we find 

AG Sah aie Here y. = y are the 
volumes bounded by the closed surfaces © (Pp) = €o, 
within which € < €q (m* > 0) and conversely, «> «, (m* 
es oer 2, represents the number of 
bound eae t Oates with a positive mass m*, and 
n, represents the number of free electronic states 
with a negative effective mass. In this way the 
magnitudes of n, and ng in the following theory may 
be properly considered as the number of electrons 
and “‘holes’’. It must be emphasized here that the 
introduction of these concepts is possible only in 
the case where the energy interval de contains 
only closed nonintersecting surfaces of constant 
energy. In this case we obtain asymptotically (for 
large fields) Sxy= e¢ (M1—12)/H; at my = My ay, ~Y, 
that is, .,~H™. Inthe case of closed traject-— 
ories on open surfaces, the integral (9) has no such 
simple meaning and cannot be expressed in terms of 
a number of particles. 
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In the case when integral 38¢~9 contains a 
layer of open trajectories, the quantities Oj; ap- 
proach a finite limit as H—~co . This is pelaned 
to the fact that the expansion of all the w,, in this 
case begins with the zero term in y. Conse quently, 
experimental determination of the asymptoticity 
of 9;,(/7) in strong magnetic fields allows us, in 
principle, to explain the topology of isoenergetic 
surfaces near the limiting value of Fermia energy. 
5. The specific resistance of a metal in a mag- 
netic field is usually measured by making use of the 
Hall effect. Assuming that magnetic field is per- 
pendicular to the direction of current (an assump- 
tion commonly made for this experiment), and choos 
ing the direction of current for the x-axis, we obtain 
@ (i in(G7t ee If there are no open surfaces 
aes the interval ¢, then, making use of expression 


(2) we find that 


[a ag) 4 


ve (a) 2] / (ay al (0) 


a 
approaches saturation when the number of “‘holes”’ 
is not equal to the number of electrons (n, re: Ny) 
When the number of ‘‘holes”’ is equal to the number 
of electrons (n, Z~ Ny) and as , becomes zero, it 
becomes necessary to consider the subse quent 
terms in the expansion of o,, in respect to y. This 
introduces a quadratic increase of resistance with 
a magnetic field. Consequently, the existence of 
a group of metals with an indefinitely increasing 
resistance in a magnetic field, which is known from 
experiment!, can be explained by the most general 
assumptions of the electronic theory of metals. A 
similar result has been previously arrived at in 
the simplest common cases 

Apparently the law of Kapitza® (linear increase 
of resistance with magnetic field) represents a 
transition zone between the quadratic relation of 
resistance in small fields* and quadratic relation 
with a different coefficient in strong fields. 

Consideration of the departure of the temperature 
from zero leads to the saturation of resistance 
even in the case when n, =n,. However, this 
saturation is reached in very strong fields  ~ 
e4:/0 where Ae represents the distance between 


the final Fermi surface and the nearest open sur- 
face. 


In the case when energy interval de contains 
open surfaces (or when the Fermi surface itself is 
open) then, as can be seen from the above, the ab- 
solute resistance p approaches saturation at//] >> 
The entire matter actually depends on the tempera- 
ture. The point of greaest interest here lies in 
measuring of asymptoticity of the Hall coefficient 

R=o0.,H in large fields. For the closed sur- 
faces, R does not depend on the direction and is 
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equal to R = 1%ec (ny — nz) (nm,  n2). In the case of 
open surfaces, the magnitude and even the sign of 
R depends on the field. 

The authors are indebted to L. D. Landau and 
E. C. Borovik for their valuable discussions. 


* It should be noted that if plane (x, y) does not coin- 
cide with any of the crystallographic planes, then the 
curves are not identical. 

* If we assume, as is commonly done, that W= 1, then 


Eqs. (5) and (6) can be easily solved for any values of 
y. In this way we obtain 
co 


war) eT (ee) de fol) 
0 


and for conductivity o;, we obtain the expression 


SR ea 26°F, ; 
es Re ( Pix (E, Pz) fo (€) (dp); 
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e1n= al ea, (tu, (FF 8) dé 
0 


l : 
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reo Phys. USSR 23, 83, 91 (1952). 

D. I. Blokhintsev and L. Nordheim, Z. Physik 84 
168 (1933), T. Kontorova and Ia. I. Frenkel, J. Exper. 
Theoret. Phys. USSR 5, 405 (1935); B. I. Davidov and 
I. Ia. Pomeranchuk, J. Exper. Theoret. Phys. USSR 9, 
1295 (1939); E. Sondheimer and A. Wilson Proc. Roy. Soc. 
(London) A 190 435 (1947); M. Kohler, Ann Physik 6, 
18 (1949); G. E. Zilberman, J. Exper. Theoret. Phys. 
USSR 29, 762 (1955). Soviet Phys. 1, 611 (1956). 
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ANNOUNCEMENT 


Beginning with the present 


(August, 1956), Soviet Physics JETP will appear monthly. Volume 3 (August, 


1956-January, 1957) will contain translations of all articles appearing in Volume 30 of the Journal of Experi- 
mental and Theoretical Physics of the USSR (January-June, 1956). Volume 4 (February-July, 1957) will be a 


translation of Volume 31 (July-December, 1956) of the Soviet Journal. 


Subscribers to Soviet Physics JETP for the calender year 1956 will receive Volume 3 as the completion of 
their subscription. For new subscribers (beginning with Volume 3) the subscription price will be $60.00 per 
year (two volumes, twelve issues) in the United States and Canada, $64.00 per year elsewhere. The single 


issue price will remain at $6.00. 


Beginning in the very near future, 1956, the American Institute of Physics will commence translations of 
the Journd of Technical Physics of the USSR, the Acoustics Journal of the USSR andthe physical sciences 
portions of Doklady. Price schedules for these journals are given below. Subscriptions should be addressed 
to the American Institute of Physics, 57 East 55 Street, New York 22, N. Y. 


Soviet Physics—Technical Physics 


A translation of the “Journal of Technical Physics”’ 


of the Academy of Sciences of the U.S.S.R. Eighteen 


issues per year, approximately 4,000 Russian pages. Annually, $90.00 domestic, $95.00 foreign. 


Soviet Physics—Acoustics 


Atranslation of the “‘Journal of Acoustics”’ 
year, approximately 500 Russi 


of the Academy of Sciences of the U.S.S.R. Four issues per 
an pages. Annually, $20.00 domestic, $22.00 foreign. The 1955 issues of 


‘Journal of Acoustics’’ U.S.S.R. will also be published. Will consist of two volumes, approximately 500 


pages, and the subscription price will be $20.00 for the set. 


Soviet Physics—Dokaldy 


A translation of the ‘Physics Section”’ 


Six issues per year, approximately 900 Russian pages. 


of the Proceedings of the Academy of Sciences of the U.S.S.R. 
Annually $25.00 domestic, $27.50 foreign. 
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